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UNIVERSITY OF SOUTHAMPTON
ABSTRACT
FACULTY OF ENGINEERING AND THE ENVIROMENT
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Doctor of Philosophy

MODELLING MULTIPLE EXCITATION MECHANISMS IN THE COCHLEA
USING A 2D FINITE DIFFERENCE BOX MODEL

by Alice Audrey Halpin

The cochlea is very versatile. It can be excited by a multitude of mechanisms in order
to produce a hearing sensation, even when it is severely malformed. The versatility
of the cochlea can also be used to our advantage in the creation of novel methods of
cochlear excitation when the conventional pathway is obstructed, for instance through
bone conduction hearing aids and excitation via the round window. It is thus important
to have an in-depth understanding of the various mechanisms that can cause a hearing

sensation and how they are affected by the condition and structures of the cochlea.

This thesis investigates the underlying physics associated with various cochlear exci-
tation mechanisms using a 2D finite difference box model. The excitation mechanism
examined include; piston-like motion of the stapes, rocking of the stapes, the two inertial
components of bone conduction hearing and local excitation of the round window. The
model predicts the pressure distribution within the cochlea and allows a direct compar-

ison of the effects of these various excitation mechanisms within the same framework.

The effect of the ‘third window’ on the cochlear response due to various cochlear ex-
citation mechanisms was investigated by adapting the model to include the cochlear
and vestibular aqueducts. It was found that aqueducts do not affect the cochlear re-
sponse much for volumetric excitation via the oval window, but were demonstrated to
have a significant effect for other excitation mechanisms. In particular it was found
that the aqueducts had a large effect when an immobile oval window was modelled,
as they allowed a volumetric excitation that significantly increased the response at low

frequencies.

An air-bone gap has been clinically found in audiograms of patients who have a large
vestibular aqueduct, although the reasons for this phenomenon are not fully understood.
The effects of a large vestibular aqueduct on the air conduction and bone conduction
hearing thresholds have been separately modelled here. It was found that the air-bone
gap is predominately caused by the increase of the air conduction hearing threshold due
to the internal cochlear pressure forcing fluid through the enlarged aqueduct, reducing

the net volumetric excitation.
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Chapter 1

Introduction

1.1 Anatomy of the Ear

Inner

Middle Ear
Outer Ear 7Ear77 ]

Cochlea

I
) ) Tympanic N\ Round
U Membrane \ \ Window
Ny Middle Ear )
Pinna ‘Ear Canal Cavity
1

Figure 1.1: Diagram showing main structures of the ear. Picture edited from Brock-
mannderivativ and Komorniczak (2009).

Hearing is one of the main senses we as humans use to create an understanding of the
environment around us. For mammals, it is the ear that collects the acoustical energy
from the surroundings and then converts this energy into electrical signals which are then

sent to and processed by the brain. When any part of this hearing process is impaired

1
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it can have devastating consequences on a person’s quality of life. It is therefore greatly
advantageous to be able to treat hearing impairments in order to increase a patients
hearing ability and quality of life. A deep understanding of the physical mechanisms
of the hearing process of the ear is needed to further develop hearing treatments. This
thesis mainly focuses on furthering the knowledge of the physical mechanisms occurring
in the cochlea when detecting acoustical energy due to a variety of methods of excitation.
Of particular interest was the changes to the cochlear response when the cochlea is

malformed.

The ear is made up of three distinct regions: the outer ear, middle ear and inner ear,
as shown in Fig. 1.1. The outer ear comprises of the pinna, external auditory canal
(or ear canal) and the outer surface of the tympanic membrane. The ear canal is a
tube, of about 2.5 c¢m length, leading from the pinna to the tympanic membrane. It
comprises of two parts: the wall of the first third consists of cartilage and soft tissue
while the wall of the inner two thirds is made of bone. The middle ear is comprised of
the tympanic cavity, that contains the tympanic membrane, auditory ossicles (or middle
ear ossicles), which are formed by the mallues, incus and stapes. And lastly the inner
ear, consisting of the cochlea, vestibule and semicircular canals, whose outer walls are
the bony labyrinth, a series of cavities in the temporal bone. From roughly a third of

the way down the ear canal the components of the ear are encased in the temporal bone.

The pinna directs sound waves into the ear canal which then travel along the ear canal
to the tympanic membrane, causing it to vibrate. These vibrations are transferred to the
cochlea by the middle ear ossicles. The function of the cochlea is to convert the acoustical
energy into electrical signals which are sent to the brain via the cochlear nerve and then
processed to produce a hearing sensation. This process, where the acoustical energy
is transmitted from the pinna to the cochlea, is the most prominent pathway, and is
termed air conduction. The cochlea is the essential component of the ear in producing
a hearing sensation but there are many other methods of transmitting acoustical energy

to the cochlea, some of which will be discussed later in this thesis.

1.2 The Cochlea

The cochlea is a coiled fluid filled structure that is embedded deep inside the skull, in
the petrous portion of the temporal bone. It has a complex geometry that is carved out
by the bony labyrinth and contains many delicate structures. In humans, the cochlea
narrows along its length, has roughly 2.5 turns and would stretch to 35 mm if it was
uncoiled. It is a small structure, with a total height of roughly 4 mm and width of 8 mm
Braun et al. (2012).

Two membranes separate the cochlea into three fluid chambers, the scala vestibuli,

scala media and scala tympani Dallos et al. (1996), as shown in Fig. 1.2. The Reissner’s
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Figure 1.2: Diagram showing a cross section of the cochlea indicating the different fluid
chambers and the structures inside. Modified from illustration in Gray (1918).

membrane separates scala vestibuli and scala media and the basilar membrane, BM,
separates the scala tympani and scala media. The scala media and scala vestibuli extend
into the vestibule, while the scala tympani terminates close to the round window. At the

apex of the cochlea, the scala vestibuli and tympani are connected at the helicotrema.

There are two types of fluid in the cochlea, perilymph and endolymph fluid. Both the
scala vestibuli and scala tympani contain perilymph fluid while only the scala media con-
tains endolymph fluid. The acoustical behaviour of these two fluids are similar, although
they differ chemically as the perilymph is high in sodium concentration and endolymph
high in potassium. The endocochlear potential, which is the electrical potential between
these two fluids, is in the region of 80 mV (Dallos et al., 1996). The potential difference
between these fluids is central to the creation of the electrical nerve signal from BM

motion.

The fluid in the cochlea is almost incompressible, however, there are a number of com-
plaint structures on the boundary of the cochlea which allow a motion of the cochlear
fluid and hence mechanisms for cochlea excitation. The oval and round windows are the
two main structures, which consist of holes in the bony wall of the cochlea covered by
membranes. The oval window is located between the scala vestibuli and stapes of the
middle ear ossicles, which sits on top of it, allowing for the vibrations of the middle ear
ossicles to be transmitted to the cochlea. The round window opens into the tympanic
cavity from the scala tympani and therefore can act as a pressure release. There are other
smaller outlets into the cochlea, collectively termed the ‘third window’, which include

blood vessels, the cochlear aqueduct and vestibular aqueduct. The cochlear aqueduct is
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located in close proximity to the round window and joins the perilymph with the cere-
brospinal fluid. The vestibular aqueduct enters the cochlea via the vestibula scala and
extends to the surface of the temporal bone. The purpose of these two aqueducts is not
entirely clear, but there seem to be significant differences in their dimensions between
individuals (Gopen et al., 1997).

scala vestibuli

membrane

cochlear
nerve fibres scala tympani

Figure 1.3: Cross section diagram of the cochlea, showing the three fluid chambers and
the organ of Corti location on top of the basilar membrane. This image was taken from
Oarih (2009) and edited.

The BM is central in the perception and analysis of acoustic energy of the surrounding
environment. Acoustic stimulation of the cochlea causes a travelling wave motion along
the BM. As shown in Fig. 1.3, the organ of Corti rests on top of the BM, inside of
the scala media. It is within the organ of Corti that the mechanical energy due to
the acoustical excitation is transformed into electrical signals that are then sent to the
central nervous system and processed by the brain. Rows of inner and outer hair cells,
one row of inner hair cells and three of outer, which reach up towards the tectorial

membrane from the surface of the organ of Corti, as shown in Fig. 1.3.

It is the processes involving the inner hair cells that generate neural signals from the
motion of the BM, while the outer hair cells are involved in the process of amplifying the
motion of low level sounds. An electrical response caused by relative motion between the
BM and tectorial membrane is generated by the inner hair cells through its mechanically
sensitive ion channels. This is then transmitted to the nerve fibres and ultimately to the

brain. The stereocilia of a hair cell are connected by tip links which transmit mechanical
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stress to ion channels of the hair cell causing them to open. A travelling wave along the
BM causes a sheering motion between the BM and tectorial membrane which in turn can
cause the tip links to be under stress. The opening of the ion channel due to this stress
allows for a greater number of cations to pass through the cell ultimately generating an

electrical signal.

The geometry of the BM varies along its length: it is narrow and thick at the base of
the cochlea and wider and thinner at the apex, resulting in an increasing mechanical
admittance along its length. It is this variation in the BM admittance that creates the
shape of the motion along the BM, when the cochlea is excited acoustically. The wave
motion acts as a frequency analyser; the lower the excitation frequency the further along
the BM the travelling wave reaches. The amplitude of the travelling wave increases along
the length of the BM to a maximum amplitude which is unique to each frequency and
then it sharply drops of. The higher the magnitude of the acoustical energy transferred
to the cochlea, the greater the amplitude of the travelling wave along the BM. Hence, the
motion of the BM is determined by both the magnitude and frequency of the excitation
acoustical energy. In the model of the cochlea used in this thesis, the motion of the BM
was assumed to correlate with the magnitude of a hearing sensation, and this motion
is therefore used as a comparative measure of the efficiencies of the various hearing

mechanisms.

1.3 Mechanisms of Hearing

The most common method of detecting acoustic energy is through the air conduction
pathway, which has been described above. However, other mechanisms of detecting
sound are possible, including through the naturally occurring bone conduction or artifi-
cial excitation through stimulation at the round window. These hearing mechanisms can

be utilised to aid patients with particular hearing conditions or in specific environments.

Bone conduction describes the transmission of vibrations through the skull to the cochlea
resulting in a hearing sensation. Even though it is termed ‘bone conduction’, it includes
vibration being transmitted through both cartilage and soft tissue, as well as bone.
There are multiple pathways by which the vibrations are transmitted to the cochlea,
which will be described in detail in Chapter 2, but they all ultimately cause an excitation
of the BM. Bone conduction hearing is an everyday phenomena in people with healthy
ears. It is known that humans hear their own voice roughly equally through air and
bone conduction (Reinfeldt et al., 2010; Pérschmann, 2000). Bone conduction hearing
technology is used commercially in bone conduction headphones. They do not block
the ear canal so allow for the surrounding environment to be heard as well, which could
be useful when out running, for instances. Research has also been carried into using

this technology in the military, and was found to be an effective way of providing radio
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communication in conjunction with hearing protection in noisy environments (Henry and
Letowski, 2007). It has also been exploited clinically to aid patients with conductive
hearing loss since at least the early 20th century, with bone anchored hearing aids
implanted in the seventies (Mudry and Tjellstrom, 2011). It is clear that the method of
hearing by bone conduction has been utilised for centuries, however, the physics behind

the mechanisms are not fully understood.

Mixed hearing loss patients have been treated with an implanted transducer at the
round window (Colletti et al., 2006). This stimulates the round window, instead of the
oval window, as in the healthy cochlea. This idea has been extended in Weddell et al.
(2014) by considering a transducer that only partially occludes the round window so
that the round window acts as a pressure relief and a mode of excitation at the same
time. The net flow through the round window would be zero in this case, and hence
the excitation can be termed non-volumetric. This is a similar excitation process that
has been examined by, Edom et al. (2013), who investigated the rocking of the stapes
at the oval window. This thesis explores the physical process in which these different

mechanisms excite the cochlea.

1.4 Reasons for Modelling the Cochlea

The cochlea is fundamental to humans in perceiving their acoustical environment. Un-
derstanding the processes involved in the cochlea gives a greater comprehension of how
humans hear and it is useful in the development of hearing treatments for those who
are impaired. Due to the complex nature of the cochlea, many different techniques and
methods must be used together to build an overall understanding of the cochlea. Since
the early 20th century experiments have been carried out directly on the cochlea, both
in living and deceased human and animals, including, for example, Bekésy and Wever
(1960); Tonndorf (1966); Stenfelt and Goode (2005); Nakajima et al. (2009). These type
of studies are vital in understanding the cochlea as they produce real life data. How-
ever, due to the inaccessible and delicate nature of the cochlea the variability of direct
experiments is high and the results are sometimes difficult to interpret. The modelling
of the cochlea offers another approach to developing an understanding of the workings
of the cochlea, which can be used alongside experimental studies. Information can be
gained from a model that would not be possible, or very difficult, in the real cochlea,
for instance the detailed pressure distribution in the cochlea fluid. Although techniques
have been developed to measure the pressure in the real cochlea, typically only the pres-
sure in a few locations at a time can be measured (Nakajima et al., 2009). A cochlear
model can be built so that the pressure distribution can be calculated at every location
in the cochlea, for multiple excitation mechanisms. Models allow for greater flexibil-
ity in investigating the cochlea as they are not bound by the physical reality of the

cochlea. They can be manipulated and altered in order to investigate the effect that
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certain parameters of the cochlea have on the cochlear response, which could not be pos-
sible or ethical when experimenting on real cochleae. In order to fully understand the
mechanisms of the cochlea it is advantageous to use a combination of experimental and
modelling techniques, where the experimental results are used to validate the cochlear

model results.

The current cochlear models, found within the literature, vary with complexity from
simple 1D lumped parameter models, to 2D box model, to complex 3D finite element
models, which all have unique benefits. A review of these models are given in Chapter
3. The 2D box model of the cochlea, used here, is the simplest one to allow predictions
of the detailed pressure distribution at a position within the cochlea, while still allowing

easy visualisation and interpretation of the results.

1.5 Outline of the Thesis

This thesis focuses on building a 2D finite difference model of the cochlea and using it to
investigate multiple mechanisms of cochlea excitation. Using the same model, different
methods of stimulations can be examined within a single framework and therefore easily

compared. The structure of the this thesis is as follows:

Chapter 2 - This chapter examines the different cochlear excitation mechanisms and
the hearing conditions investigated in this thesis. The classification of the different
BC pathways is outlined and then discussed separately, along with the other hearing
mechanisms, with reference to the literature. An introduction to the hearing conditions
and treatments modelled in this thesis is given. Both otosclerosis and large vestibular
aqueduct syndrome aa well as excitation at the round window, a treatment for conductive

hearing loss, are discussed.

Chapter 3 - This chapter focuses on cochlear and middle ear modelling. Firstly, a
description of the middle ear model used in this thesis is given and justified. A review of
other cochlear models is presented and then the 2D finite difference cochlear box model
used in this thesis is outlined. A description of how each hearing mechanism is simulated

can be found at the end of this chapter.

Chapter 4 - This chapter presents the results of the 2D finite difference cochlea model.
First, a piston-like motion at the stapes is examined, and compared with experimental
data. The response due to the rocking motion of the stapes is presented and compared
against other models’ results. The prediction of the two inertial BC hearing pathways

are then given and discussed.

Chapter 5 - This chapter examines the effect of the ‘third window’ on the cochlear

response. The effect on a healthy cochlear is firstly examined, and then a cochlear
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diseased with otosclerosis is simulated and the effect under such condition investigated.
Predictions are made of both the BC hearing loss due otosclerosis and of that due to a
large vestibular aqueduct syndrome. The results of the model are compared with clinical
data.

Chapter 6 - The conclusion of the work carried out is summarised in this chapter along

with ideas for future work.

1.6 Contributions of this Thesis

The main contributions of this thesis are:

- A 2D finite difference model of the cochlea was created that allows for a number of

different cochlear excitations mechanisms to be investigated within a single framework.

- The model suggests that non-volumetric excitation may be significant under certain

conditions, especially at high frequencies.

- The effect of the aqueducts in the cochlea on the hearing response to multiple mecha-

nisms has been predicted using a 2D model for the first time.

- It is predicted that the aqueducts have a significant effect on the hearing response
when excited by both the fluid inertia and local excitation at the round window, when

the oval window is immobile.

- It is predicted that the air-bone gap seen in patients with a large vestibular aqueduct
is mainly due to the increase in AC hearing threshold, caused by a flow through the

vestibular aqueduct.



Chapter 2

Mechanisms of Exciting the

Cochlea and Hearing Conditions

2.1 Introduction

There are multiple mechanisms through which the cochlea can be stimulated in order to
produce a hearing sensation. In this chapter various different mechanisms are examined
and discussed with reference to the present literature. The mechanisms in this chapter
cover both naturally occurring hearing mechanisms, through AC and BC, and artificial
excitation of the cochlea at the round window. BC hearing, as previously discussed, is
where the vibrations of the skull are transmitted to the cochlea and ultimately cause
a hearing sensation. Due to the complex nature of the ear and its location in the
temporal bone, there are various mechanisms in which vibrations of the skull bone are
transmitted to the cochlea. The overall effect of BC is due to a vectorial combination
of these pathways, where the significance of the contribution of each pathway changes
with the excitation frequency. In order to gain a better understanding of BC hearing,
researchers have classified the mechanisms into different pathways. Stenfelt and Goode
(2005), for example, have classified the multiple mechanisms of bone conduction into

five pathways, which are:
1. Sound pressure in the ear-canal and the occlusion effect
2. Inertia of the middle ear ossicles
3. Transmission of pressure from the cerebrospinal fluid

4. Compression and expansion of the cochlea walls

5. Inertia of the cochlear fluid
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This classification of the different BC pathways has been used in this thesis.

In this chapter, the hearing mechanisms which involve excitation via the middle ear are
examined first. This includes both a piston-like motion and a rocking motion of the
stapes due to AC, as well as the BC conduction pathways that utilise the middle ear,
namely sound pressure in the ear-canal and inertia of the middle ear. A description of
BC pathways that excite the cochlear directly is then given and the relevant literature
discussed. The literature often includes studies on other mammals, as this can be use-
ful to gain a better understanding of the different hearing mechanisms. Although the
structural anatomy of mammals is similar, some caution should be taken with the con-
clusions drawn from these studies, since the biological dimensions are different to those
of the human, which may prevent the results being replicated in the human. Biologi-
cal experiments can show great variation and so the results are not always very clear.
Furthermore, the hearing system is also very intricate and so it is hard to separate the
different BC hearing pathways. Thus, in order to understand a hearing mechanisms it

must be examined from many different angles using a variety of methods.

As with any biological structure, abnormalities and malformations can occur, either
through trauma, disease or genetics. These abnormalities have different effects on the
ability of the various cochlear excitation mechanisms to stimulate the cochlea. This
can lead to insights into the workings of the cochlea. Two of these malformations are
examined in this thesis, otoscelerosis and third window lesion, which are described and
discussed later in this chapter. Artificial cochlear excitation mechanisms are used in
practise to increase the hearing ability of patients with otoscelereosis. Excitation via
the round window is one of these mechanisms and is modelled in this thesis. In this
chapter, a short description of the other artificial mechanisms is given, followed by a

discussion, with reference to the literature, of excitation via the round window.

2.2 Excitation via the Middle Ear Ossicles

The middle ear ossicles are the three smallest bones in the body and are located between
the auditory canal and the cochlea. They hang in the middle ear cavity supported by
flexible ligaments, tendons and muscles, but can freely move. The three bones that
make up the middle ear ossicles are the malleus, incus and stapes, Fig. 2.1. The
malleus is located at the far left of the middle ear cavity, with its handle attached to the
tympanic membrane. The incus is the middle ossicle which is attached to the malleus
at one extremity and the stapes at the other. The stapes footplate is connected to the
border of the oval window, on the cochlea, by the annular stapedial ligament, which is
a ring of elastic fibrous tissue. There are two muscles that are attached to the middle
ear ossicles, the tensor tympani muscle and the stapedius muscle. Their function is to

reduce the motion of the ossicles, in certain conditions, such as for protection when in
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the presence of a loud sound. There are also multiple ligaments that support the ossicles
by connecting them to the wall of the middle ear cavity. The role of these bones in the
hearing process is to transmit their vibrational energy to the cochlea fluids via the oval
window which is attached to the stapes. The ossicles can be vibrated by two methods,
either via vibration of the tympanic membrane due to acoustic energy in the ear canal

or the vibration of the temporal bone.
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Figure 2.1: Ilustration of the middle ear ossicles in the middle ear (Tympanic) cavity,
not to scale and not fully complete. It shows the three ossicles, tympanic membrane
and a number of ligaments and muscles that support the bones. This illustration was
adapted from Droual (2007).

2.2.1 Air Conduction and the Rocking Motion of the Stapes

When modelling excitation due to air-conduction the motion of the stapes is most often
assumed to be solely a piston-like motion, for instance in Neely (1981); Elliott et al.
(2011); Marquardt and Hensel (2013). However, as early as the 1960s the motion of the
stapes was described as having also a rocking component, (Bekésy and Wever, 1960).
Recently, laser doppler vibrometer, LDV, techniques have been utilised in experiments
on temporal bone samples to measure the motion of the stapes footplate and it was found
that both a rocking and piston-like motion of the stapes existed when the middle ear
was stimulated with AC (Heiland et al., 1999; Hato N, 2003; Sim et al., 2010). There
are three components of the stapes motion, one piston and two rotational. The two
rotational components are due to a rocking about the long axis and short axis of the
stapes footplate. The three components of the stapes motion are illustrated clearly in

Sim et al. (2010), and so are shown here, in Fig. 2.2, for clarity.

The rocking components of the stapes motion are non-volumetric, in that the amount
of fluid in the cochlea displaced inwards, due to the inwards motion of the stapes, is

equal to the volume of fluid displaced outwards, by the outward motion of the stapes.
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Figure 2.2: Illustrations of the three components of the stapes motion, taken from Sim
et al. (2010). A is the piston-like motion of the stapes, B the rocking motion about the
long axis of the stapes footplate and C the rocking motion about the short axis of the
footplate.

Whereas, the piston-like motion is volumetric, as it causes a net volume of fluid to be

displaced at the oval window.

Heiland et al. (1999) carried out a study on 10 temporal bones, where the vibrations
of the stapes were measured when a pure-tone sound pressure level was generated at
the tympanic membrane, simulating AC hearing. Three reflective targets were placed
on the stapes footplate to aid the measurements of its motion using a LDV. Due to the
locations of the targets, only the rocking motion about the short axis and the piston-like
motion of the stapes could be calculated. It was found that there was very little rocking
component below 1 kHz, but by 4 kHz the magnitude of the rocking and piston-like

motions were equal.

Hato N (2003) carried out experiments on 10 temporal bones, again simulating AC
hearing and using a LDV to measure the stapes footplate motion. However, in this
study measurements were taken on five positions on the stapes footplate allowing for
both the rocking motions to be calculated. The relative motion between that of the
posterior edge of the stapes, due to only the rotational component, and the centre of
the stapes footplate was calculated. Similarly, the relative motion between the superior
edge and the stapes centre was calculated. These calculations gave a measure of the
relative motion between the short axis rocking motion and the piston-like motion of the
stapes. It was found that the short axis rocking component was about 20 dB lower than
the piston-like stapes motion in the range of 0.1 — 1 kHz and then rose with frequency
to a peak at 6 kHz where the rocking motion was greater than the piston-like motion.
The rotational velocity due to the short axis rocking was found to be greater than for
the long axis rocking motion below 2 kHz, above this frequency the two rocking motions
were similar. The effect of the cochlea fluid on the motion of the stapes was examined
by also carrying out experiments on a drained cochlea. It was found that the draining

of the cochlea had the greatest effect on the piston-like motion of the stapes, such that
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the piston-like motion dominated over both of the rocking components over the whole

frequency range.

Sim et al. (2010) also utilised a scanning LDV system to measure the motion of the
stapes footplate when stimulated by AC, on six temporal bones. In this study mea-
surements were taken at five locations on the footplate, in such positions that all three
components of the stapes motion could be calculated. The relative motion of the rocking
motion about the short axis of the stapes with respect to the piston-like motion was also
calculated in this study. The rocking motion was found to be about 15 dB lower than
the piston motion, up to about 1.5 Hz, and then rose to a peak at about 6 kHz. The
magnitude of the rocking about the short axis was found to be greater in this study
than found by Heiland et al. (1999) and Hato N (2003) at frequencies below 4 kHz, but
above this frequency agreed well. In this study the two rocking motions were found
to be similar at lower frequencies, but the rocking about the short axis greater at high

frequencies, which is in contradiction to the results found by Hato N (2003).

In all these studies the variability between the measurements on the different temporal
bone specimens was large. This is partially due to anatomical differences, for instance,
Sim et al. (2010) found a large standard deviation, 8.5%, of the footplate area in temporal
bones used in their study. It also could partially be due to the small scale of the stapes
bone and that its displacement due to AC hearing is in the nano metre range, making
it difficult to measure accurately. Whilst there are differing results between the studies,
they all agree that the component of rocking motion about the short stapes axis increases
with stimulus frequency and the peak response is around 6 kHz. Also, above 4 kHz in all

these studies the piston-like motion is of comparable magnitude to this rocking motion.

These studies have shown conclusively that the motion of the stapes is not purely piston-
like but is complex. However, just because there is a rocking component, it does not

mean that this motion excites the cochlea, or that if it does that it is significant.

The classical theory is that the cochlear is excited by a net fluid flow through the cochlear
windows. It is assumed that window flush with the cochlear bone is at rest position.
Any motion of the window from this position is therefore due to a net fluid flow either
in or out of the cochlea, depending on the direction of motion. It is the flexibility of the
windows that allows for this fluid flow. Excitation via the rocking motion of the stapes
is therefore in contradiction to the classical theory as this motion does not cause a net
flow through the cochlear windows. There has been much discussion in the literature
whether this motion causes a hearing sensation, and if it does, whether is it significant.
Experimental evidence of the measured pressure in the cochlear, due to AC excitation,
supports the theory that a rocking motion does not contribute to the overall cochlear
response (Decraemer et al., 2007; Voss et al., 1996; de La Rochefoucauld et al., 2008).
However, the Huber et al. (2008) study suggests that the rocking components may lead

to a hearing response which could be significant to the overall response in a healthy
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cochlea. It should be noted that all these studies were carried out on animals and not
humans and so the assumption is made that the processes in all mammalian cochlea are

the same.

The rocking motion of the stapes has been investigated using a mathematical model of
the cochlea in Edom et al. (2013). Edom et al. (2013) investigated the rocking motion
about the short axis of the footplate and the piston-like motion using a 2D box model
of the cochlea, solved using the Navier stokes equation. It was found that the non-
volumetric rocking stapes can excite a travelling wave along the BM, however, it is of a

much smaller magnitude than that of piston-like motion.

It is possible that even if the rocking motion of the stapes does not significantly con-
tribute to the cochlear response in a healthy cochlea, it does so in a diseased one. Round
window atresia effects a very small percentage of the population, however, its affect on
the hearing thresholds can potentially lead to a greater understanding of the workings
of the cochlea (Linder et al., 2003). Round window atresia is when the round window is
not present, either due to not forming properly at birth or a due to bony growth over the
round window, similar to otoscerlosis. Patients with this condition present with a reduc-
tion of both AC and BC hearing, with a air-bone gap at low frequencies (Linder et al.,
2003; Nageris et al., 2012). Even with such a hearing loss, some sound is still detected
through AC. Since the round window is immobile, then the classical excitation via a net
volume displacement at the cochlear windows is not possible. It has been suggested that
the rocking motion of the stapes could be causing the hearing response in these cases, or
alternatively that the ‘third window’ is playing a role, creating a volumetric excitation
mechanisms (Edom et al., 2013).

2.2.2 Sound Pressure due to Bone Conduction in the Ear-Canal

One of the BC pathways listed in Section 2.1 is due to the vibrations of the skull stim-
ulating a compression and expansion of the ear canal. These vibrations will produce a
sound pressure in the ear canal, which then is transmitted to the cochlea in the con-
ventional way, via the tympanic membrane and middle ear ossicles. In this pathway the
cochlea is excited in the same ways as AC, it is just the generation of the source of the
pressure wave that differs. The significance of this pathway at low frequencies has been
debated in the past and it has been reported that a sound pressure is present in the ear
canal when the skull vibrates. However, Stenfelt et al. (2003b) found that the sound
pressure in the ear canal is about 10 d B lower when excited by BC than at the air con-
duction hearing threshold at frequencies below 2 kHz and a greater difference at higher
frequencies. This result, along with the evidence that patients with hearing diseases that
causes a conductive hearing loss have normal BC thresholds at low frequencies, strongly
suggests that this mechanisms of BC hearing is not a significant pathway in the healthy
ear (Stenfelt et al., 2003b).
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The creation of sound pressure in the ear canal by vibrations of the skull, may be a
negligible pathway in normal conditions, however, when the ear is occluded, it has been
shown that this mechanisms becomes significant at low frequencies. An example of this
effect is the increase in hearing one’s own voice when fingers are placed in ones ear. The
placement of the occluding device is important, because if it is too far down the ear

canal, no occlusion effect is experienced (Stenfelt et al., 2003b).

The significance of this mechanisms lies in its generation of sound pressure by the vibra-
tion of the ear canal. Once this has been established the cochlea is excited in the same
manner as with AC. In this thesis, this pathway is not investigated because this thesis
is mainly concerned with the modelling of the cochlea not the ear canal. Also, it have

been shown to be a negligible pathway under most conditions.

2.2.3 Inertia of the Middle Ear Ossicles

Another BC pathways which utilises the middle ear ossicles is the inertia of the middle
ear. This pathway is where vibrations of the temporal bone induce a motion of the
middle ear ossicles relative to the cochlea. The ossicles are supported by ligaments to
the temporal walls of the middle ear cavity, thus when the skull vibrates, the ossicles
vibrate due to their own inertia which can cause a relative motion between the stapes
and the oval window. In much the same way as AC excites the cochlea, via a motion
of the stapes, so too does the middle ear inertia component. The significance of this
mechanism to the overall effect of BC hearing has been investigated by many authors,
but is still it not fully understood. It is difficult to predict its effect on the overall BC
response, by experiment or patient perception data, due to the inability to isolate it

from the other BC pathways.

It has been theorized that this component is significant in the region of 2 kHz but not at
significantly higher or lower frequencies. There is experimental evidence that suggests
that the inertia of the middle ear component is not significant at low frequencies, but
could be at frequencies between 1.5 kHz and 3.1 kHz (Stenfelt, 2006). A comparison
was made between the motion of the stapes, when temporal bones were stimulated at
the AC threshold and at the BC threshold. Corrections to the data and estimates of
the relative thresholds on stimulating temporal bones were made in order to calculate
a reasonable comparison. The argument of this work is that both AC and the middle
ear inertial component of BC stimulate the cochlea ultimately via the stapes, and so the
motion of the stapes at threshold, must be similar when excited by BC and AC for the
middle ear inertial component to be significant. It was found that this was true between
1.5 kHz and 3.1 kHz. A limitation of these results is that experiments were carried out
on temporal bones and only excited by vibrations in one direction and so the full effect of
compressional waves were not included. However, results from a cadaver showed similar

magnitudes and phase to the temporal bone measurements, suggesting that the results
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from the temporal bone experiments are not too dissimilar from reality (Stenfelt et al.,
2002). Another limitation is that the stapes motion was calculated with the cochlea still
intact and so the vibration will have induced the fluid inertia component of BC as well.
This could force the motion of the stapes from inside the cochlea, and so alter the overall
response of the stapes. It was found that draining the cochlea, and hence removing the
fluid inertia component, increased the stapes response, however, these experiments were

carried out when the ossicles chain was disrupted.

Mathematical models have been utilised to develop an understanding of the motion of
the middle ear ossicles due to vibrations of the temporal bone. In the 1930s Barany
(1938) deduced an expression for the motion of the ossicles due to vibrations of the
skull from the moment of inertia of the ossicles. In this model it was assumed that
the motion of the ossicles was only in one direction and the skull only had one mode of
motion. Bardny (1938) found that the location of the centre of gravity of the ossicles had
an effect on the response of the ossicles due to vibration. This simple model was later
used in 2003 by Mason (2003), who used it to predict the effect of the ossicles anatomy
in different species of golden moles. Some species of golden moles have enlarged ossicles,
and are thought to be sensitive to seismic vibrations, as they have been observed burying
their head in sand and orienting themselves towards prey. Mason (2003) used the model
to predict the responses of the ossicles, due to vibrations of the different golden mole
species, by changing the parameters of the model so that they reflected the anatomical
geometry data. This model was utilised to understand the effects of different anatomy
in mammals, and provided evidence to a theory that explains certain behaviours of the

golden moles.

This simple model have been used to described the function of the middle ear motion
by simplifying and lumping aspects of the middle ear together. It has not allowed for
detailed analyses of the motion of the ossicles. Modern day modelling techniques, such
as finite element modelling, have allowed for detailed investigations of the motion of
the ossicles. A parallel advance in experimental techniques has enabled more detailed

measurements of the motion of the ossicles for the models to be validated against.

Homma et al. (2009) carried out experiments on temporal bones, and used a LDV to
measure the response of the middle ear ossicles to stimulus. The motion of the middle
ear was investigated when excited by two methods: shaking the temporal bones in
the plane perpendicular to the tympanic membrane, simulating the middle ear inertia
component of BC hearing, and applying a pressure at the tympani membrane, simulating
AC hearing. It was found that the "dominant mode of motion” and the respective
natural frequency of the middle ear ossicles is different in AC than BC. The average
of the primary resonance was found to be 1.72 kHz and 1.26 kHz for BC and AC
respectively. The BC result agrees with those from Stenfelt et al. (2002) who carried

out experiments on temporal bones and measured the stapes motion while the bone was
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shaken, as shown in Fig. 2.3. In this study, it was found that the resonance frequency
was between 1.5 kHz and 2 kHz.
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Figure 2.3: Relative motion between footplate and promontory bone, measured on tem-
poral bones connected to a shaker. Thin lines are individual results and thick line
average result. Reprinted with permission from Stenfelt et al. (2002). Copyright 2002,
Acoustic Society of America.

Homma et al. (2009) built a finite element model of the middle ear ossicles, using knowl-
edge gained from experimental results, along with other parameters. The dominant mo-
tion of the ossicles for BC hearing was shown to be a pivoting motion about the incus
ligament, Fig.2.4, when shaken approximately perpendicular to the tympanic membrane
plane. This is a different dominant mode of motion than that was found by AC stimulus,
where the motion is ‘hinging’ or ‘rocking’ about an axis from the incus ligament to a

point on the mallues handle.
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Figure 2.4: Motion of the middle ear ossicles in response to vibration of the temporal
bone in the direction perpendicular to the tympanic membrane plane. Reprinted with
permission from Homma et al. (2009) copyright 2009 Acoustic Society of America.
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2.3 Hearing Pathways that Do Not Involve the Middle Ear

Ossicles

The three BC pathways which do not transmit vibration to the cochlea via the middle
ear ossicles are introduced and discussed in this section. They include, transmission of
pressure from the Cerebrospinal fluid, compression and expansion of the cochlea walls

and inertia of the cochlear fluids.

2.3.1 Transmission of Pressure from the Cerebrospinal Fluid

One pathway by which skull vibrations have been suggested to be transmitted to the
cochlea is not via the skull bone but through the soft biological material such as the
brain, soft tissue and fluid, including the cerebrospinal fluid (CSF). It is thought that
fluid channels such as the cochlear aqueduct, vestibular aqueduct and blood vessels are
capable of transmitting pressure in the cranium to the cochlea. The cochlear aqueduct
directly connects the CSF to the perilymph fluid in the cochlea and has potential to be
a main component of this pathway. It has been found that the pressure changes in the
CSF are translated to the cochlea fluids in Yoshida and Uemura (1991); Marchbanks
and Reid (1990); Traboulsi and Avan (2007) for instance. However, these studies do
not examine the acoustical transmission and are not concerned with excitation of the
cochlea to generate a hearing response. It is thought that the cochlea aqueduct acts
as a low-pass filter, which would suggest that it would not be capable of transmitting
acoustical energy in the hearing range (Marchbanks and Reid, 1990; Traboulsi and Avan,
2007).

Freeman et al. (2000) carried out experiments on fat sand rats, where a bone vibrator
was applied to various locations and a hearing responses was monitored by recording
the auditory nerve brainstem evoked responses (ABR). ABR is the detection electrical
signals in the brainstem generated by acoustic stimulation of the cochlea via electrodes
placed on the skull. It is a process than can be used to provide information about the
auditory function. It is not used to predict hearing threshold when behavioural methods

can be used, but it is a common approach to predict hearing function in animals.

In this study, an ABR response was recorded when the vibrator was placed on an intact
skull, on the bone of a skull with a craniotomy and directly onto the brain. The results
showed that an ABR response could be detected when BC stimulation was applied
directly onto rats brain. However, the threshold when the bone vibrator was applied
directly on the brain was 20 dB lower than when the bone vibrator was applied to the
intact skull. In this study the transducer was applied directly to the brain, however,

in normal conditions, the transmission of skull vibrations to the brain is most likely to
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be very small. Thus, this pathway may not be significant, as the threshold difference is

already 20 dB between stimulations on an intact skull and the brain.

The effect of reducing the intra-cranial fluid volume on the hearing response of rats was
also investigated in Freeman et al. (2000). The intra-cranial water content was reduced
in rats by injecting them with a drug called mannitol. With this drug administered to the
rats, the ABR threshold for AC was lowered by 3.9+3.4 dB which was suggested to be due
to the increased cochlear blood flow. However, the BC ABR threshold of an intact skull
was elevated on average by 7.5+ 3.8 dB . It is argued that the reduction in intra-cranial
fluid decreases the ability to transmit pressure alterations to the cochlea, and hence, the
elevation in the BC threshold is evidence for the transmission of pressure alteration in
the cranial fluid to cochlea being a major BC pathway. It is proposed that because of
the decrease in AC threshold when the drug is applied, that the actual BC threshold
change could be greater than measured. It has been shown that reducing the amount of
cranial fluid will reduce the pressure in this fluid, which will be translated to the cochlea
(Yoshida and Uemura, 1991). However, there is not a complete understanding of what
effect this drug has, given that it is not understood why the AC thresholds changes
and so it can not be said for certain that the changes in BC threshold are due to the
reduction of the transmission of pressure through intra-cranial fluids. It is possible that
whatever mechanisms induced by the drug to lower the AC threshold could also have

an effect on other BC pathways.

Sohmer and Freeman (2004) used pairs of rats and guinea pigs, where their cranial
fluids were connected via a plastic tube filled with saline solution, to investigate the
transmission of CSF pressure to the cochlea. A vibrator was placed on the skull of
animal A to stimulate BC while an ABR was recorded in animal B. It was found that
the level of stimulation needing to be applied to animal A in order to give a response in
animal B was 15 — 30 dB higher than the ABR threshold of animal B when the vibrator
was applied to the cranial cavity (Sohmer and Freeman, 2004). Precautions were taken
to make sure that vibrations of the tube or electrical signals were not transmitted from
one animal to the other. In was concluded that pressure alterations in the fluid were
transmitted between animal via the fluid in the tube, and that this was further evidence

that there is a significant non-osseous mechanism of BC hearing.

All of these experiments were carried out on animals, which, since their the ears are
similar to humans, give an insight to the possible hearing mechanisms but they cannot
give a total understanding. Experiments carried out on humans included studies on

neonatal babies, neurosurgical patients and normal hearing females (Sohmer et al., 2000).

The ABR thresholds of neonatal babies were compared with the vibrator was placed on
a bony part of the skull and placed on the fontanelle. When the vibrator was placed on
the fontanelle it was found that large vibrations of the skull were not induced. Sohmer

et al. (2000) found the thresholds to be similar in both sites and in one case lower when
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stimulated on the fontanelle. It was concluded that the ABR response was generated
through soft tissue and through minimal if any vibration of the skull. BC thresholds
of neurosurgical patients where measured using an audiogram when a bone vibrator
was positioned on their intact skull and also on their craniotomy. It was found that
the thresholds in both positions were comparable. Audiometric thresholds of 10 young
females were obtained when stimulated by a bone vibrator at several sites - eye, forehead,
mastoid and temporal bone and then compared. The eye is considered to be a natural
craniotomy in which it is likely that vibrations are transmitted through the CSF and
soft tissue to the cochlea. Sohmer et al. (2000) considered the audiometric thresholds
measured when the eye was vibrated to be similar to the thresholds of the other sites
on the skull. However, it was stated that the thresholds when the eye was stimulated
were significantly higher than when the mastoid was vibrated. In all these experiments,
the soft tissue is directly stimulated by a transducer, which would induce much greater
soft tissue vibrations than if the skull was directly stimulated. Hence, these results do
suggest that hearing can occur through soft tissue, however, it can not be concluded

that this pathway is significant in a normal environment from these results.

It is clear from the studies discussed above that this method of hearing and its sig-
nificances are not full understood. There is some evidence that this pressure can be
transmitted to the cochlea, inducing a hearing perception, but it is not clear if this is a
significant pathway under normal conditions. Also, the patency of the cochlea is greatly
variable between people (Gopen et al., 1997), which suggests that this mechanism of
hearing could have a varied effect on different people. This pathway has not been in-
vestigated mathematically in this thesis, as there is insufficient experiential evidence to

suggest that it is a significant pathway of BC hearing.

2.3.2 Compression and Expansion of Cochlear Walls

The vibrations of the skull can cause an expansion and compression of the cochlea walls.
This deforms the space inside the cochlea which causes the fluid to flow between the
scalae, generating a wave motion along the BM. Below about 1 kHz the skull vibrates
approximately like a rigid body (Hakansson et al., 1994; Stenfelt and Goode, 2005).
When the skull vibrates as a rigid body there is no compression and expansion of the
cochlear walls. Therefore this mode of BC only has the potential of contributing to
BC hearing from skull vibrations mostly above 1 kHz. It would be very challenging
to carry out experiments to investigate this mechanism due to the difficulty of mea-
suring the compression and expansion of the cochlear walls accurately. It is however
suggested, to be an important BC pathway at high frequencies, when the skull bone

exhibits deformations due to vibrations.

Tonndorf (1962) investigated this pathway by experimenting on a physical box cochlea

model. The model consists of a rectangular box, about five times the length of a human
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cochlea, separated length ways by an elastic membrane that acts as the BM and creates
the two scalae. A space is at the end which acts as the helicotrema. There are two
elastic structures on the ends of the box which imitate the oval and round window, as
shown in the schematic diagram of the model in Fig.2.5. The model was adaptable such

that the relative volumes of the scalae and stiffness’s of the windows can be altered.
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Figure 2.5: Schematic diagram of physical cochlear model used in Tonndorf’s exper-
iments. Reprinted with permission from Tonndorf (1962). Copyright 1962, Acoustic
Society of America.

It was found that the elastic membrane, representing the BM, was not stimulated into
motion by vibrations when the model had scalae of equal volume and identical stiffness
of the windows. A response from the membrane did occur when the compliance windows

were not equal or the sizes of the scalae were not identical.

A model representing a more anatomically realistic cochlea, where the scalae were of
unequal volumes and the oval window was stiffer than the round, was also used. When
this model was vibrated but had rigid windows, a travelling wave of small amplitude
along the parting membrane was induced. This result suggests that some hearing sen-
sation can be achieved by this BC pathway without any openings in the cochlea. The
concept of the displacement of the membrane with unequal scalae and closed windows
was illustrated by Tonndorf (1962) using the idea of a sphere partitioned unequally into
two chambers, V and T, by a flexible membrane fixed to the periphery, as shown in Fig.

2.6. This is obviously a gross simplification but demonstrates the concept well.

When the sphere is lengthened in the horizontal direction, Fig. 2.6(b), the volume of T’
decreases, relative to T, due to the displacement of the membrane from V’ into T’. As
the sphere is lengthened in the vertical direction, Fig. 2.6(c), the reverse happens. The
volume of T” relative to T, is increased due to the displacement of the membrane from
T” into V”.

A lumped parameter model of the cochlea was used to investigate this BC pathway, along

with the fluid inertia pathway in Stenfelt (2014). It was predicted that this pathway was
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Figure 2.6: Diagram illustrating that the BM will still be displaced when the cochlea is
vibrated even if the windows are rigid by the use of a sphere separated two chambers,
V and T, by a flexible membrane fixed to the periphery. 3(a) no distortion of space,
3(b) horizontal lengthening 3(c) vertical lengthening. Reprinted with permission from
Tonndorf (1962). Copyright 1962, Acoustic Society of America.

less effective at exciting the cochlea over the frequency range of 100 Hz to 10 kHz, though
it was comparable at the extremities of this frequency range. The lumped parameter
model used was clearly a very simplified representation of the cochlea and so the results
must be taken with some caution, however, it does suggest that this component is not

as significant as the fluid inertia pathway to the overall response, at most frequencies.

2.3.3 Inertia of Cochlear Fluids

Vibrations of the temporal bone cause a motion of the cochlear fluids by inducing an
inertial forces upon them. In a healthy cochlea, fluid is forced out of the complaint oval
and round windows and it is this net flow through the cochlear that ultimately generates
the BM travelling wave (Kim et al., 2011). Stenfelt et al. (2004) measured the volume of
fluid displaced at the oval and round window on temporal bones which were vibrated at
1 mms ™!, which is approximately equivalent to 80 — 100 dB HL (hearing level) (Stenfelt
and Goode, 2005). The volume displacement was less than 1 millionth of the total fluid
volume in the cochlea, which gives an indication of the small scale of motion of fluid

necessary for cochlear excitation.

The significance of this pathway to the overall BC response has been debated within
the literature. If the middle ear inertia component is assumed to only have a significant
effect in the 2 kHz region, then the components which directly stimulate the cochlear
must be the most significant. This leaves the fluid inertia and compression and expan-
sion components, as there is little evidence as yet that suggest that the fluid pressure

transmission significantly contributes to the overall response.
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Investigations were carried out on the cochlear window response to the fluid inertia
component of BC and compared with that of AC. Stenfelt et al. (2004) investigated the
fluid displacement at the oval and round windows by experimenting on temporal bones

stimulated by BC. A diagram of his set-up is shown in Fig.2.7

BC stimulation
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Figure 2.7: Experimental set-up of temporal bones used by Stenfelt et al. (2004).
Reprinted with permission from Stenfelt et al. (2004) Copyright 1962, Acoustic Soci-
ety of America.

A LDV was used to take measurements of the stapes footplate and the round and
oval windows. A shaker was attached to the specimen to stimulate BC. The tympanic
membrane and the middle ear ossicles, apart from the footplate, were removed from
the specimen. Only the bone surrounding the cochlea and semi-circular canals were
not removed. Results on temporal bones were compared to measurements on a cadaver
head and were found to be comparable. In Fig.2.8, the graphs displaying the volume
displacements and phases of the oval and round windows found by Stenfelt et al. (2004),
for both BC and AC stimulation, are shown. The AC results are given to illustrate the

differences in cochlear window responses due to the different excitation mechanisms.

It would be expected that the fluid displacement at each window would be equal and
180 © out of phase from each other. The results of Stenfelt et al. (2004) clearly show that
this is not the case for BC, as shown in Fig.2.8. When subjected to AC stimulation,
however, the fluid displacement at the windows was seen to be similar and out of phase
by 180° as expected. Therefore it can be concluded that the differences to the fluid
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Figure 2.8: Magnitude and phase of the oval and round window volume displacement
when the cochlea is simulated to be excited by BC and AC. Reprinted with permission
from Stenfelt et al. (2004) Copyright 1962, Acoustic Society of America.

displacement is inherent to BC. Stenfelt et al. (2004) hypothesized that the reason for
this discrepancy in displacement and in phase was due to a combination of several
factors: the fluid flow through the third window, the bending of the cochlear bone and
the compression and expansion of the cochlea walls and cochlea fluid. In particular,
this research suggests that the ‘third window’” may have a significant role to play in the

mechanisms of the fluid inertia component of BC, as will be explored later in this thesis.

2.4 Hearing Impairments that Cause Conductive Hearing

Loss

Hearing loss is separated into two categories, sensorineural and conductive, although
mixed hearing loss can also occur, which is a combination of the two. The different
effects that the types of hearing loss have on BC thresholds means that the measurement

of the thresholds can be used to help distinguish between the types of hearing losses.
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Sensorineural hearing loss is due to the loss of function of the production or processing
of electrical signals, and therefore is due to impairments in the inner ear, nerves or brain.
This means that the this type of hearing loss effects both BC and AC hearing to the

same degree.

Conductive hearing loss is due to the reduced ability to transfer acoustical energy to the
cochlea via the outer or middle ear and so an increase in the AC hearing thresholds are
seen. The causes are often, but not exclusively, due to malformations of the middle ear.
There are varying effects on the BC thresholds which are dependable on the abnormal-
ities which cause the conductive hearing loss. However, conductive hearing loss always
produces an increase in the AC thresholds that is greater than that in BC thresholds.

There is therefore a difference in BC and AC thresholds which is termed an air-bone

gap.

There are multiple ear malformations and diseases that can cause a conductive hearing
loss, due to a reduction to the flow of acoustical energy from the outer to inner ear.
Their effect on hearing thresholds can lead to a greater understanding of the working
of the cochlea. If the ear canal becomes obstructed it will prevent the progression of
sound to the tympanic membrane, and hence a conductive hearing loss. Possible causes
include, Otitis Externa which is an infection of the auditory canal and a build-up of
earwax that causes a blockage. These are temporary problems which can be treated.
Patients could experience a reduction in AC hearing, but possibly also a decrease in BC

thresholds, due to the occlusion effect.

Otitis Media is an inflammatory infection of the mucous-membrane lining of the middle
ear cavity. The infection in the middle ear space causes a reduction in the ability of
ossicles motion. Patients with this condition exhibit conductive hearing loss, which, if

the disorder becomes chronic, will have a lasting effect.

Otosclerosis is a disease which causes an abnormal bone growth on the ossicles, most
often the over stapes which restricts its movement and hence its ability to stimulate
the cochlea. This is a degenerate condition and often eventually completely immobilises
the stapes. This disease reduces, if not eliminates, the contribution to BC hearing
from the components which transmit acoustical energy through the middle ear ossicles.
Since it has been shown that the pressure in the ear canal component is insignificant
in most cases, only the contribution of the middle ear inertia component is reduced.
BC audiograms of patients presenting with otosclerosis are relatively normal, apart
from a ‘notch’ that appears around 2 kHz, named ‘Carhart’s notch’ after Carhart who
discovered it (Carhart, 1950, 1971). The removal of the middle ear inertia component
of BC is attributed to the elevated BC threshold around 2 kHz, thus it is theorized that
this pathway is significant around 2 kHz. There is evidence to suggest that the ‘notch’

does not always appear at 2 kHz for all patients but at other frequencies (Perez et al.,
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2009). This was reasoned to be potentially due to other fixations of the middle ear

ossicles, such as incus, but could also be due to variations between patients ossicles.

Clinical audiograms are only measured at a few frequencies, (100 Hz, 500 Hz, 1 kHz,
2 kHz, 4 kHz) and therefore detail analyses of frequencies response of a patient with
otosclerosis has not been found in the literature. A complication of this disease is that
the process that causes a bony growth at the stapes, may also cause a malformation of
the cochlea. This means that a sensorineural hearing loss may also be present at the
same time, making it harder to diagnose. It has been argued that the immobilisation of
the oval window also restricts fluid flow within the cochlea, which will affect the other
pathways of BC hearing. The increase in threshold being solely due to the removal of
the middle ear inertia contribute may not but fully valid (Stenfelt et al., 2002).

Some diseases which cause a permanent conductive hearing loss are treated with a
stapedectomy or stapedoctomy, where in both cases a prosthesis is used at the stapes
to stimulate the cochlea. Either the whole stapes is removed, stapedectomy, or a small

hole is made in the fixed stapes and the prosthesis placed in the hole, stapedoctomy.

This treatment is often used for patients with otosclerosis, and the reduction of BC
threshold after the stapedectomy or stapedoctomy gives further insight into the sig-
nificance of the middle ear inertia. An analysis of 2405 cases of treated otosclerosis
concluded that the loss of BC thresholds is 10 dB at 250 Hz, 15 dB at 500 Hz, 15 dB
at 1 kHz, 20 dB at 2 kHz and 15 dB at 4 kHz (Ginsberg et al., 1978). This is further
evidence for Carhart’s notch, but the data also suggests there is great variation between
patients. More recent work shows similar results for the increase in BC hearing when
otoscelrosis was treated, for instance in Quaranta et al. (2005). The decrease in thresh-
old due to surgery suggests that it is attributed to the reintroduction of the middle ear
inertia component, but, as previously stated, this could also be due to the effect on other

BC pathways.

2.4.1 Non-Volumetric Motion at the Round Window

A relatively new technique to treat certain diseases which cause conductive hearing
loss, including otoscerlosis, is through artificial excitation of the round window. This is
where a floating mass transducer is placed on the round window, and so vibrations are
transmitted to the cochlear via the round window instead of conventionally through the
oval window. Patients who have received this procedure have shown to have an increase
in hearing thresholds and speech intelligibility (Colletti et al., 2006; Kiefer et al., 2006;
Beltrame et al., 2009; Cuda et al., 2009). It has also been shown, that in certain cases
this method of treatment may be more beneficial than other more traditional treatments,
such as bone anchor hearing aids (Mojallal et al., 2015) or a total ossicular replacement
prosthesis (Colletti et al., 2009). The cases that have been discussed in the literature
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include patients with multiple hearing problems such that not in all cases, but in some,
the oval window is completely immobile. A great variation in results has been found,
which is likely to be due to the variation in the functionality of cochlea and middle ear.
However, the largest cause of this variation is potentially due to the coupling between

the transducer and the round window (Schraven et al., 2011).

The size and shape of the round window varies greatly between different cochlea, whereas
the area of the transducers in contact with the round window was typically 1.8 mm™2. It
is likely, due to the relative size and shape of the window and transducer that the whole
of the window was not covered by the transducer. Weddell et al. (2014) explored the idea
of the round window acting simultaneously as a pressure release as well as stimulation
location due to the round window being only partially occluded through experiments
that were carried out on guinea pigs, as well as theoretical calculations. It was proposed
that due to the relatively high impedance of the middle ear ossicles looking out from the
cochlea, the section of the round window not occluded by the transducer was able to act
as a pressure release. It was found that the stiffening of the oval window did not effect
the cochlear response. This led to the conclusion that the mobility of the oval window
has little function in the mechanism that excites the guinea pig cochlea, when excited by
a partially occluded round window. The driving mechanism in this case was proposed
to be a near-field, jet like, component of the pressure distribution that extended from

the round window, generating a travelling wave along the BM.

2.4.2 Third Window Lesions

It has been documented in the literature that third window lesions, which are any
abnormal opening in the inner ear, excluding the two cochlear windows, can cause an
air-bone gap similar to that of those who have conductive hearing loss (Govaerts et al.,
1999; Merchant SN, 2008). This has led to misdiagnoses, where a middle ear condition
is assumed rather than an inner ear. Two forms of third window lesion are discussed

here; large vestibular aqueduct syndrome and semi-circular canal dehiscence.

Large vestibular aqueduct syndrome, as the name suggests, is when the vestibular aque-
duct is abnormally large. The link between hearing loss and an enlarged vestibular
aqueduct was first discovered in 1978 by Valvassori and Clemis (1978) and coined ‘large
vestibular aqueduct syndrome’. In this study a large aqueduct was defined as having
a diameter larger than 1.5 mm, however, later studies have used different definitions
(Gopen et al., 2011). This condition generally occurs alongside other conditions and
therefore the influence of an enlarged aqueduct is hard to decipher. It has been re-
ported that patients with a large vestibular aqueduct can present an air-bone gap at
low frequencies (Govaerts et al., 1999; Mimura et al., 2005; Merchant et al., 2007a;
Merchant SN, 2008; Gopen et al., 2011).
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The reason for an air-bone gap is unclear and there are multiple theories (Gopen et al.,
2011). An increase in cochlear fluid pressure is often seen alongside this condition, and
it is proposed that this has an increasing effect on the AC threshold. It has also been
suggested that the reduction in AC thresholds is due to a ‘third window’ effect, where the
decreased admittance of the oval window side of the cochlea shunts the acoustical energy
away, causing a reduction in the pressure difference across the BM and hence increases
the threshold. The increased admittance is suggested to decrease the BC threshold and
hence an air-bone gap is seen (Mimura et al., 2005; Merchant SN, 2008; Merchant et al.,
2007a).

Semi-circular canal dehiscence describes an opening in the bone overlying the superior
semicircular canal. It has been reported that the auditory symptoms of this condition
include an increase in the patients AC thresholds and either an unaffected or decrease in
BC thresholds at low frequencies, creating an air-bone gap (Minor et al., 2003; Merchant
et al., 2007b; Rosowski et al., 2004). Other symptoms of this condition are vestibular,
such as vertigo. However, due to the air-bone gap this condition has been misinterpreted
in patients as otosclerosis and so stapedectomies have been carried out that have not
been successful (Minor et al., 2003). The creation of an air-bone gap in a patients
audiogram is debated in the literature, but there is strong evidence to suggest that it
is due to energy been shunted away from the cochlea with a AC stimulus and due to
a greater impedance difference across the BM when the stimulus is the compression
component of BC (Rosowski et al., 2004; Merchant et al., 2007b).

A theoretical investigation into the effect of a dehiscence by Rosowski et al. (2004),
where a simple elemental model of the auditory system was used predicted a decrease
in AC threshold and an increase of BC, due to the compressional component, at low
frequencies. The magnitude of the corner frequencies seen with a AC stimulus was
related to the relative impedances between the cochlea and the dehiscent canal. It was
found that the behaviour of the compressional component of BC was sensitive to the
symmetry of the resistances of the two fluid chambers; a combination of the impedance of
the middle ear and acoustic mass of the semi-circular canal and the relative impedances
of the cochlea windows. This was a simple model, but provided evidence that the reason
for the air-bone gap is due to the change of impedance of the cochlea, which resulted
in different effects on the AC and BC thresholds. It has been suggested that the large
vestibular aqueduct syndrome effect on the hearing thresholds is due to a similar reason.
A 3D finite element model of the cochlea and middle ear was used to investigate this
condition. It was found that the shape and position of the dehiscence had a large effect
on the perceived hearing as well as the direction of vibration causing BC (Kim et al.,
2013).
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2.5 Conclusion

There are multiple pathways by which the cochlea can be excited to produce a hearing
sensation besides from the conventional AC. These include BC hearing and the artificial
excitation of the round window. Hearing through BC can be separated into five different

pathways, which all transmit vibrations of the skull to the cochlea.

The middle ear ossicles are a delicate complicated system, which are fundamental in the
transmission of vibration from the ear canal to the cochlea. They are utilised in both AC
and two BC pathways, sound pressure in the ear canal and the middle ear inertia. Their
motion, when induced by AC, has been shown to be composed of three components,
a piston-like motion as well as two rocking motions. The experimental data in the
literature is conflicting over the relative magnitudes of these components, but there is
general consensus that the rocking components increase with frequency. There is debate
within the literature if a rocking motion of the stapes, which is non-volumetric, would
produce an excitation of the BM, and if so, if it would be significant. It has been shown
by the use of a simple box model of the cochlea that a travelling wave can be induced by
a the rocking motion of the stapes, however, in a healthy cochlea its efficiency is much

less than a piston-like motion (Edom et al., 2013).

Sound pressure in the ear canal can be induced by vibrations of the skull compressing
and expanding the walls of the ear canal. This sound pressure is then transmitted to the
cochlea via the middle ear ossicles in the same was as for AC hearing. This component

of BC has been shown to be insignificant, unless the ear canal is occluded.

The vibrations of the skull are also transmitted to the middle ear ossicles where they
cause a relative displacement between the surrounding temporal bone and the ossicles,
ultimately exciting the cochlea via the stapes. It is suggested that this BC pathway is
only significant in the mid frequency range around 2 kHz. The predominant motion of
ossicles have been shown to differ from that of AC and where resonance due to vibration

excitation is about 1.7 kHz.

The three other BC pathways do not utilise the middle ear ossicles in transmitting the
vibration of the skull to the cochlea. It has been theorised that there is a transmission of
pressure from the cerebrospinal fluid, induced by skull vibrations, to the cochlea which
causes a hearing response. It is thought that the vibrations are transmitted through the
‘third window’, primarily the cochlear aqueduct. Experiments on animals and humans
suggest that this is a possible method of hearing. However, the relative significance
of this pathway compared with other BC pathways is not clear. Due to the variation
in the opening of the cochlear aqueduct between people, it may be that there is great
variation between the effectiveness of this pathway. This also suggests that this pathway

is generally not a significant one.
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A compression and expansion of the cochlear walls are thought to be caused by the
vibrations of the skull. Due to the asymmetry of the cochlea this can cause a travelling
wave along the BM. The significance of this pathway is unknown but it has a greater
potential of having a significant effect at higher frequencies when the vibrations of the
skull bone cause deformations. It is predicted to have a lesser contribution to the total
BC response than the fluid inertia pathway by the results from a lumped parameter
model of the cochlea (Stenfelt, 2014).

The vibrations of the temporal bone of the skull also impart inertia forces on the fluid,
which can cause a travelling wave along the BM. The fluid forced out through the
cochlear windows due to the vibrations of the cochlea, has been shown to be what
ultimately generates the BM travelling wave. The fluid displaced at both windows has
been shown to be not equal for this pathway. Thus suggests the ‘third window’” may
have a significant function when excited by this hearing mechanisms. The importance
of this pathway on the total response is debated within the literature, but it is thought

to be most significant at low frequencies.

Conductive hearing loss is due to the a restriction in the ability of acoustical energy to
be transmitted to the cochlea via the conventional AC pathway. This is often caused
by a malformation or disease of the ear canal or middles ear ossicles. This type of
hearing loss produces an air-bone gap, where the BC threshold is relatively normal but
the AC threshold increases. Otosclerosis is a disease which causes conductive hearing
loss due to a bony growth over the oval window, restricting the motion of the stapes. In
patients with this disease a ‘notch’ in the BC audiogram around 2 kHz is seen, however,
the frequency location of such a notch has been suggested to differ between patients.
This disease has been shown to be successfully treated with an implant that artificially
excites the round window. The size of the transducer that is used to simulate the round
window can often not completely cover the window. It has been therefore suggested
that the round window can act as both a pressure release and a source of excitation
simultaneously. In this case a near-field pressure component originating from the round

window and extending to the BM is thought to drive the BM motion.

Third window lesions also produce an air-bone gap, thus an apparent conductive hearing
loss. An enlarged vestibular aqueduct has been shown to produce a large air-bone gap
at low frequencies, however, its magnitude varies greatly between patients. There are
multiple theories for the cause of the induced air-bone gap, but there is no consensus in

the literature of the overriding reason or reasons.



Chapter 3

Description of the 2D Finite
Difference Cochlear Model and
Middle Ear Model

This chapter describes the mathematical techniques used to model the cochlea and the
middle ear. The cochlear model described in this chapter is used to investigate all the
different cochlear excitation mechanisms discussed in this thesis. The cochlear model
and a simple lumped parameter model of the middle ear are used in conjunction to
predict the middle ear inertia response. The motion of the stapes due to vibration of
the skull is calculated from the middle ear model and then used as an input into the
cochlear model at the oval window. All other mechanisms are simulated solely using the

cochlear model.

The cochlea has previously been modelled using a number of different approaches, from
full 3D geometrically realistic models to simple lumped parameter models, which will be
discussed in section 3.2. The 2D box model described here allows a simple visualisation
of the different fluid coupling mechanisms and provides a convenient tool for quantifying

the effect of many different excitation mechanisms.

3.1 Lumped Parameter Model of the Middle Ear

The middle ear inertia component of BC is investigated in this thesis by separately
predicting the motion of the stapes due to BC stimulus and then using this motion as
an input into a cochlea model. Predictions of the detailed motion of the components
of the ossicles are not necessary, it is the magnitude of the stapes motion and how it
behaves with frequency that is critical. It was therefore decided that a simple lumped

parameter model, which enables an expression for the stapes motion per vibration input,
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was appropriate for the need of this investigation. The output stapes frequency response

of this model was validated against experimental data.

The complicated structure of middle ear ossicles have been simplified here to a lumped
parameter model, shown in Fig.3.1. The purpose of this model is to produce a frequency
dependent response of the stapes due to the vibration of the temporal bone. As discussed
in the previous chapter, the motion of these small bones is very complex, however, a in-
depth detailed response is not necessary for the purpose of this model. Only a reasonable
realistic prediction of the response is needed that shows a realistic resonant frequency
of the ossicles due to vibration of the temporal bone, a realistic magnitude and shape

of response.

In reality the tendons and ligaments are intricate structures which provide a stiffness in
all directions of motion of the ossicles. Here, the complicated three dimensional structure
of the ossicles is simply represented by a mass on a lever, with an arm representing the
stapes. The stiffness and resistance of the tendons and ligaments supporting the ossicles
are represented by an angular damper, ¢, a linear damper, ¢, and a spring, k,,. The
box surrounding the system corresponds to the temporal bone which encases the middle

ear cavity in which the ossicles are located.
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Figure 3.1: Lumped Parameter model of the middle ear.

The collective stiffness acting on the ossicles due to the vibrations of the temporal bone is
represented by one spring. The stiffness of this spring could be estimated from values of
the Youngs module of the tendons and ligaments used in finite element models, (Homma
et al., 2009; Koike et al., 2002), or the net impedance of the middle ear estimated
from experimental results (Merchant et al., 1996). However, the values of the Youngs
modulus vary, (incudostapedial joint Youngs modulus 4.4 x 10° in Homma et al. (2009)

and 6 x 10% in Koike et al. (2002)) and approximations of the size, shape and directional
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components of stiffness of each ligament and tendon would have to be made. It is
impractical to predict the stiffness in this way, since too many assumptions would have
to be made. Also, the experiments carried out to find the impedance of the middle ear
use air pressure as a stimulation, not vibrations. It has been shown that the dominant
middle ear motion is not the same when being stimulated by air pressure and vibrations
(Homma et al., 2009) and so the total stiffness acting on the ossicles for each mechanism
would not be the same. Thus, calculating the stiffness from the impedance of the
middle ear measured from experiments that stimulate the middle ear using pressure
at the tympanic membrane would not give a realistic value. Due to the complexity of
the middle ear structure the stiffness acting on it is hard to predict from analysing its
structure. However, resonant frequency of the ossicle when simulated by BC and mass
to the ossicles have been measured. The values are not absolute, since it is a biological
system, but an acceptable range is known. Therefore, the stiffness acting on the ossicles,
k., was calculated from an assumed resonance frequency, f, where w, = 27 f,, of the

system and an estimated mass of the ossicles, m,,.
km = mem (3.1)

It was assumed here that the resonance frequency of the system is 1.7kHz, which is
within the range shown by experiments, (Homma et al., 2009; Stenfelt et al., 2002). The
total mass of the three ossicles was estimated at 5.5 x 10 %kg (Wever and Lawrence,
1954). Using Eq.3.1, the middle ear stiffness was calculated to be 6400Nm 1.

Homma et al. (2009) calculated the damping ratio, ¢, of the middle ear as a whole, in
response to vibrations to be 0.2, where,

cr
= 2Mm W

(3.2)

This value is assumed here, giving a Q factor of 2.5. Using Eq.3.2, the damping acting
on the whole system, ¢y, was thus calculated to be 0.24 Nsm~!, where, cp is the total
damping acting on the system which is equal to, ¢, + ¢/ Ly, and Ly, is the distance
between the hinge and the mass. The relative displacement of the stapes to the exci-
tation displacement, x4, caused by vibrations of the skull, zg, is related to the mass

displacement, x,, by a lever ratio, L,

1
Tg = L—(xm —xp). (3.3)

T
The lever ratio is the ratio of the distance between the hinge and the mass and the
distance between the mass to the stapes arm which were defined as 7 mm and 5 mm

respectively. This gives a lever ratio, L,, of 1.4.
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The motion of this system, which represents the middle ear ossicles due to the vibrations

of the temporal bone, is described by the equation,
MLm= _km(xm - xE) - Cm(xm - xE) - Ché, (34)

where, using the small angle approximation, (””"‘L;:”E) — 0. Substituting Eq.3.3 into
Eq.3.4, assuming a harmonic time dependence of the form ™! and rearranging, the
relative stapes displacement per excitation displacement is expressed as,

| w?my,

— = — . 3.5
g Ly ky — w?my, + iwer (3.5)

This equation, Eq.3.5, describes the displacement of the stapes per external displacement
due to the inertia of the middle ear when the skull is vibrated in a direction in line with
the middle ear. Its frequency response is plotted in Fig. 3.2.

Response of the Middle Ear Ossicles due to Vibrations of the Skull Phase of Middle Ear against Frequency
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Figure 3.2: Modulus and phase of the relative stapes displacement per external displace-
ment for the assumed model.

The magnitude of these results were compared with those of Stenfelt et al. (2002) for
the magnitude of relative differential footplate velocity, Fig.3.3. When the response
is averaged (thick line) the detail of the shape of the response is lost. It is therefore
important to compare both the average and individual results from Stenfelt et al. (2002)
to results from the lumped parameter model. GetData Graph Digitizer software was
used to extract Stenfelt’s results. It was hard to distinguish between the individual
results so only a few could be plotted and only over a small frequency range. Only those
that were of magnitudes higher than the average, and around the resonance frequency

were able to be differentiated.
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Comparison of the Response of the Middle Ear Ossicles due to Vibrations of the Skull
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Figure 3.3: Magnitude of the relative velocity of the stapes per excitation of the skull
velocity against frequency predicted by lumped parameter model compared with average
result and a few individual results for the relative differential footplate velocity taken
from Stenfelt et al. (2002).

It can be seen from Fig.3.3 that the lumped parameter results show a similar shape
of response to the experimental data, but with a higher magnitude. However, there is
a large variation in the response of the biological system and so the results from the
lumped parameter model are plausible, since the results of only 26 temporal bones have

been measured.

It was assumed in this model that the vibration of the skull is equal to the vibration
of the temporal bone. This means that the skull is assumed to vibrate as one, which is
only valid at low frequencies, below 1 kHz (Hakansson et al., 1994; Stenfelt and Goode,
2005). Above this frequency there is a change in motion of the skull due to vibrations.
It has also been assumed that only one mode of motion of the middle ear is present. In
reality there is more than one, but it is the mode that is modelled here, (Homma et al.,
2009).

3.2 Review of Mathematical Cochlear Models

Mathematical modelling have been used widely in the literature to gain a better un-
derstanding of many of the physical processes behind the cochlea’s part in the hearing
process. All of the models simplify the cochlea to a greater or a lesser extent, ranging
from simple 1D lumped parameter models to complex 3D finite element models. How-
ever, all models include, at least, the scala vestibuli, scala tympani, the BM and the

oval and round window, since these structures are fundamental to the working of the
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cochlea. The modelling techniques used in these studies are dependent on aspect of the

cochlea mechanisms that is being investigated.

1D lumped parameter models greatly simplifying the complex cochlea to its fundamen-
tally important components, in order to understand the interactions between them.
They benefit from being accessible and easily understood. However, by simplifying to
such an extent, certain aspects are neglected, which may have a significant influence
to the overall response. 2D models can contain greater detail, particularly of the fluid
motion. Being two dimensional means that the fluid flow in both the longitudinal and
transverse directions are modelled, as well as the pressure distribution in the fluid. Ap-
proaching geometrically realistic 3D finite element models will clearly contain greater
details in the model and can be effective in investigations that examine the effect of the
geometry on the cochlear response. They are, however, computational demanding and
it can be difficult to reproduce the model, given the difference in modelling techniques

between the various commerical finite element packages.

Some of the most simple models used to investigate the physical processes occurring in
the cochlea are lumped parameter models. For instances, Marquardt and Hensel (2013)
used a lumped parameter model of the cochlea, that was analogous to an electrical
circuit where the voltage corresponded to the sound pressure and the current to the
acoustic volume velocity, to investigate the cochlear response to low frequency sound.
These authors also provide a comprehensive review of lumped parameter models that
had previously been reported in the literature. The mass of the fluid in the chambers, the
impedances of the BM, middle ear, round window and helicotrema were all represented
by lumped elements. The values were adjusted to represent different mammalian cochlea
of cats, guinea pigs and humans and the results from this model were compared against
experimental data. The results represented well the cochlear impedance and intra-
cochlear pressure experimental data and was used to predict experimentally unavailable
data. This model showed that a simple lumped parameter model, containing a relatively
small numbers of elements, can describe some of the acoustic properties of the cochlea.
Due to the simple nature of this model, it is clear which component or components of

the cochlea are responsible for certain aspects of the response.

More recently, Stenfelt (2014) used a lumped parameter impedance model to investigate
the relative contribution of BC pathways. A box shaped representation of the cochlea
was assumed, which included two fluid chambers, the BM and cochlear windows, as
well as the vestibular and cochlear aqueducts. A lumped impedance representation of
these elements was then used to solve for the fluid volume displaced at the BM due to
different BC excitation mechanisms. It was assumed that the volume displaced at the
BM is proportional to the hearing response. Although, the simplification of a lumped

parameter model will restrict the information that can be gained, such as the details
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of fluid flow and the details of the BM response, this type of model can give a good

indication to the underlying physical processes.

Box models of the cochlea have previously been used to predict the BM response and the
fluid flow in the cochlear due to a range of excitations. It is generally believed that for
stimulation at the oval window the effect of the coiled geometry on the macromechanical
BM response is negligible and so a straight model is adequate (Steele and Zais, 1985). 1D
box models, for example Neely and Kim (1986), assume that the pressure is transversely
uniform across each of the fluid chambers and so can only represent the plane wave, or
‘far field’ component of the fluid pressure distribution (Elliott et al., 2011). Both Neely
(1981) and Edom et al. (2013) have used 2D cochlear box models to predict the BM
response due to excitation at the oval window. 2D models can reproduce the near field
pressure distribution across the fluid chamber, as well as the averaged fluid pressure.
Edom et al. (2013) calculated the BM response by solving the Naiver Stoke equation
using a finite difference method, due to a piston-like and rocking motion of the stapes.
The model included two fluid chambers, the BM and the two cochlear windows and was
solved for the BM response and the cochlear fluid velocity. The geometry of this model
is unusual, in that it appears to be the first model that has defined the oval window to
be parallel to the BM. Other box models assume that the oval window is perpendicular
to the BM. In this model, the cochlear fluid was assumed to be incompressible. The
inertia of the BM is assumed, in this model, to be dominated by the inertia of the
fluid displaced by the motion of the BM and the damping to be dominated by the fluid
viscosity. The passive BM is hence only modelled to vary in stiffness, while its physical
mass and damping are assumed to be zero. The stiffness variation is calculated so that
a reasonable tonotopic map is produced. One benefit of this model over a 1D model is

that the distribution of the fluid flow and pressure can be determined.

Neely (1981) used a 2D box model of the cochlea, solved using a finite difference ap-
proximation, to predict the BM response due to acoustic excitation and vibration of the
cochlear walls. The model used in this thesis, as describe later in this chapter, is based
on a modified form of this model. In Neely (1981) a symmetrical cochlea was assumed,
with a BM ending in the apex at the Helicotrema, with two cochlear windows located on
the end of the cochlea, perpendicular to the BM. Due to the symmetry of the assumed
cochlea geometry, only one chamber needed to be considered and this model was solved
for the pressure difference between the chambers. The cochlear fluid was assumed to be
incompressible and inviscous and so the fluid pressure difference between the two cham-
bers satisfies the Laplace equation. In this model, the variation of the admittance along
the BM was represented by a variation of the stiffness, however, the mass and damping
of the BM remained constant along the length. In contrast to the Edom et al. (2013)
model, the inertia and damping of the BM in Neely (1981) were modelled as physical
parameters of the BM. Due to the assumed symmetry and the method of solving the

model, the flow through both cochlear windows are equal.
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The previous models have all simplified the geometry of the cochlea such that the coiling
is not included. The benefit of 3D models is that the coiled geometry of the cochlea can
be included, which could potentially have an effect for certain excitation mechanisms.
One of the first models to include a more realistic geometry of the cochlea was the
Bohnke and Arnold (1999) coiled model. The model was solved using a finite element
method for the BM response to acoustic stimulus and was used to calculate the cochlear
acoustic input impedance. A passive BM was modelled, where the change in admittance
occurred due to an increase in width and decreasing thickness of the modelled BM. The
damping was introduced into the model at the BM, where the element defining the BM
contained a material damping component. Two coiled fluid chambers were modelled,
separated by the BM, where the fluid was coupled to the BM structure. The cochlear
fluid was assumed to be inviscous but compressible. Hence, the only damping in the
model is the physical damping of the BM. The results of the BM response were found
to be comparable with experimental data of pressure and BM displacements as well as

the cochlear impedance.

Models with a more realistic geometry, solved using a finite element method, have also
been used to investigate the BM response due to unconventional hearing mechanisms,
including through prosthetic hearing aids. For example, Zhang and Gan (2011) built a
model of the cochlea and used it to investigate the response when excited by implantable
hearing devices, including a floating mass transducers located on the ossicles and round
window and a cochlear implant. The model consisted of an auditory canal, middle ear
vestibule and cochlea, where the geometry of the cochlea was based on a set of histological
sections of the human temporal bone. In this model three chambers were modelled and
two membranes. The admittance variation of the BM was simulated in a similar way to
Bohnke and Arnold (1999), based on the variation in geometry of the BM elements along
the length. In this model the cochlear fluid had viscosity, which is in contrast to the
Bohnke and Arnold (1999) model. The cochlear model was validated by applying a pure
tone at a set distance from the tympanic membrane and then comparing the calculated
ratio between the fluid pressure at the base of the scala vestibuli and the sound pressure
in the ear canal to published experimental data. Preliminary results of this model
predicted that driving the cochlea by a floating mass transducer is more efficient in the
reverse direction, ie via the round window, than through the oval window. This could
be due to the way in which the transducer was coupled to the ear in both cases. The
influence of the cochlear geometry may be significant but this was not investigated in
this paper. In Zhang and Gan (2011), the results that are presented illustrate well the
types of information that could be gained from a 3D coiled model. Little explaination is
given and the model could benefit from further validation against experimental results,

such as from driving the cochlea via a floating-mass transducer.

A series of studies have been carried out using finite element cochlear models which
investigate BC hearing (Kim et al., 2011, 2013, 2014). A straighten cochlear model was
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used in Kim et al. (2011) to investigate the cochlear response to inertial BC and the
mechanisms with which it excites the cochlea. This model was further developed into a
coiled model, including the semi-circular canals, where the geometry of the coiled model
was determine from micro-computed tomography images of the human cadaver temporal
bones. Only two fluid chambers were considered, separated by the BM. In this model
the Young’s modulus of the BM elements vary along its length, giving the admittance
variation seen in the real cochlea. This is an alternative approach of modelling the BM to
that in Bohnke and Arnold (1999) and Zhang and Gan (2011). The model was validated
against experimental results of pressure-gain functions, the cochlear impedance, BM
velocity and best-frequency map. The model was used in Kim et al. (2013) to investigate
the effect of superior-semi-circular canal dehiscence of sound conduction and in Kim et al.
(2014) to investigate the effect of the geometry in the hook region on BC hearing. Both
of these investigations have great advantage on using a realistic geometry model. The
shape and positioning of the dehiscence was examined, which would not be possible
without a realistic geometry. The hook region, which is at the base of the cochlea and is
geometrical complex, would be difficult to represent in a 1D or 2D model, and hence a
3D model is important to provide insight into the contribution this region has on the BM
response. When excited by the fluid inertia component of BC, the effect of the direction
of vibration of the cochlea was investigated. The results indicated that the BM has the
greatest response when the direction of the vibration is perpendicular to the BM in the
hook region. This suggests that the large cross-sectional area of the scalaes in the hook

region is significant to the excitation via the fluid inertia component.

There are benefits and disadvantages with each of these models that must be considered
when selecting the appropriate model in investigations. Simple 1D models are easier to
build and manipulate. They are more intuitive to interpret and understand. They can
provide fundamental information about the workings of the cochlea, however, they are
limited by the types of fluid excitation that can be reproduced. 2D box models of the
cochlea are able to give a visual insight into other forms of fluid excitation in the cochlea,
by illustrating the flow of the fluid and the pressure distribution. The modelling process
can be relatively accessible and is easy to interpret. There are limitations imposed by
a 2D model, such as the geometry, which may potentially have a significant effect on
the response. Coiled 3D finite element models have been used to model the cochlea
with a greater attention to detail. These models are beneficial for examining aspects of
cochlear mechanisms that depend on the geometry of the cochlea. The disadvantages
of this models are that they are less intuitive to understand compared to 1D and 2D
models and that there is a significant increase in computational power needed. The 3D
models are mostly built using commercial software, which can limit their reproducibility
to some extent, as the mathematics behind commercial software may change between
programs; for instances the definitions of material interactions may not be explicitly
stated. Models built on commerical software should be able to be reproduced on any

appropriate software if enough model detail is given. Reproducibility of a model is
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important in science because if results can not be reproduced, they cannot be tested

and hence their value diminishes.

All types of cochlear models have their merits. An ultimate objective would be for
a complete understanding of the cochlear processes where there is consensus between
all models of all dimensions. This would involve a 1D model which would explain the
underlying physical processes, while the 2D model can build on this knowledge and detail
processes unavailable in a 1D model. The 3D model can take into account the geometry
of the cochlea and the effect this has on the cochlea response. This thesis is mainly
concerned with a 2D model of the cochlea and its use to further the understanding of

the physical processes behind different mechanisms of cochlear excitations.

3.3 Outline of 2D Finite Difference Model

In this thesis a 2D finite difference box model of the cochlea is used to investigate the
underlying processes behind multiple mechanisms of cochlear excitation. This type of
model was chosen due to its ability to be built from the fundamentals and that it is easily
manipulated. It does not rely on finite element packages and therefore all parameters
are known and how they are implemented able to be controlled. It is important when
building a model to decide which structures are necessary to understand the processes
you are investigating, as discussed above. The model described here is used to investigate
the various fundamental physical processes that lead to a hearing sensation. It was
therefore decided that it was only necessary in the first instance to model two fluid

chambers, the BM, helicotrema, and the cochlear windows.

It is clear that the BM is an important structure to model as it is the motion of the
BM that drives the organ of Corti, ending in an electrical signal being sent to the brain.
The conversion of acoustical to electrical energy is not examined in this model and so
modelling the details of the organ of Corti is unnecessary. It is assumed in this model
that the motion of the BM is directly proportional to the hearing sensation. A passive
BM also is assumed, because it is the physical processes of the overall excitation that
are being examined, which are not reliant on an active BM. A simple active model BM
could be implemented into this model at a later date without too much difficulty, but is

out of the scope of this investigation.

The cochlear windows are necessary in the model since they are fundamental in the
excitation of the cochlea. For instances, in air conduction the location of stimulus is at
the oval window and the round window acts as a pressure release. They are the major

compliant structures in the cochlea that allow a net fluid flow through the cochlea.

The cochlea is modelled with only two fluid chambers, as the scala media and vestibuli

are assumed to be one chamber. This is justified since although the Reissner membrane
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is a barrier to the chemical mixing of the two types of cochlear fluids (endolymph and
perilymph) it is believed to be transparent with respect to the mechanics of the fluids.
This model is solved for the pressure of the fluid, which is irrelevant to the chemical
make up and so the modelling of the Reissner membrane is unnecessary. The fluid in
the model is assumed to be compressible to a slight extend, which was partially due to

the modelling process, see Appendix A for further details.

Although, this model is based on the Neely (1981) model the differences include: the
pressure is solved for, rather than the pressure difference; the chambers are assumed to
be asymmetric here; the fluid is assumed to be slightly compressible; the variation of

the BM admittance is different as are the size and location of the cochlear windows.

3.3.1 Geometry

Figure 3.4: Diagram of the cochlea and related structures taken from Liberman et al.
(2009). The blue structure is the stapes and the orange patch is the round window. The
light pink and peach coloured chambers are the scala vestibuli and tympani respectively,
while the fluid in the scala media is the strong pink chamber. The semi-circular canals
are located on the left of the diagram, where the colours relates to the fluid type. The
BM is the white structure between the chambers.

The complex coiled structure of the cochlea, shown in Fig. 3.4, is simplified and repre-
sented by a 2D box model, shown in Fig. 3.5. A passive elastic membrane of varying
mechanical admittance, representing the BM, separates the two fluid chambers along
the length of the cochlea. At the apex of the cochlea, the chambers are connected by
the helicotrema. The parameters used to define the structures in this model are listed
in Table 3.1.

The cochlear windows are positioned on the upper and lower cochlear walls, parallel to
the BM. This is in contrast to most box models of the cochlea, which assume that the
cochlea windows are perpendicular to the BM. In reality, the region of the cochlea in

which the windows are located is geometrically complicated, as shown in Fig.3.6. It can
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Figure 3.5: The 2D box model and the division of the two fluid chambers into N nodes
in the z-direction and M nodes in the z-direction. The thick black structure is the BM
and the dotted lines represent the cochlear windows.

be seen in Fig.3.6 that the round window is roughly parallel to the long edge of the BM
and so it is positioned on the bottom of the cochlear model, parallel to BM, Fig.3.5, in
the present model. The oval window is located on the face of the cochlea, perpendicular
to the long edge of the BM, Fig.3.6. Only a 2D model is solved here, and so it is not
possible to model the oval window on the face of the chamber. There are two options for
the location of the oval window in the model: on the wall perpendicular or parallel to the
BM. The area of the cochlear windows is important for some of the forms of excitation

considered here and so determined the location of the oval window in this model.

(i} (b)

Figure 3.6: Diagram of the cochlea highlighting the relating positions of the BM (shown
in white) and stapes (blue) and round window (orange) Liberman et al. (2009).

The area of the human cochlear windows were calculated from the average values of the
length and width given in Braun et al. (2012). They were found to be of similar size,

equal to roughly 3.2 mm?

. As a first approximation, the windows are assumed to be
circular and hence have a diameter of about 2 mm, which is larger than the assumed
height of the cochlea model. It can be seen in Fig.3.6 that the cochlear windows are
located in the bulbous region between the cochlea and the semi-circular canals, called
the hook region, and hence it is possible for windows to be this large. In this model, the
cochlea is simplified and uniform cochlear chambers are modelled, without the increase
in volume at the hook region. It would not be possible to position a window of this

size on the cochlear wall perpendicular to the BM and so the windows are positioned
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Table 3.1: List of parameters used in the cochlear model.

Variable Parameter Value
L Length of cochlea 35 mm
H, Height of scala vestibuli 1.5 mm
H,; Height of scala tympani 1mm
N Number of nodes in z-direction 295
M Number of nodes in z-direction 22
kow Stiffness of the oval window 830 Nm~!
Cow Resistance of the oval window 0.1 Nm™ts
Mow Mass of the oval window 4.5 x 1070 kg
krw Stiffness of the round window 300 Nm !
Ay, Area of cochlear windows 3.2 x 1076 m~2
Co Speed of sound in cochlear fluid 1500 ms—!
wp Natural frequency at the base of the cochlea 20 kHz
my Physical mass of BM 0.0187 kgm 2
Madd Inferred fluid mass on the BM 0.2713 kgm =2
l Frequency distribution characteristic length 7x1073m
Qo Q factor of passive cochlea 2.5

on opposite cochlear walls parallel to the BM in this model. The implicit width of the
window in this 2D model is about 1.8 mm, so the longitudinal extent of the windows

were set to be 2.2 mm.

3.4 Modelling the Fluid Coupling and the Basilar Mem-

brane Dynamics

The fluid in the cochlear chambers is assumed to be able to flow in both the x and z
directions. The fluid pressure in the cochlea must satisfy the 2D fluid wave equation.
The time independent form of this equation is used (Helmholtz equation) and so the

fluid pressure distribution is described by,

92 92 2
Wp(a;, z) + @p(:c, z) + (:) p(z,z) =0, (3.6)

o

¢, in which w is the

where, the complex pressure is assumed to be proportional to e*
excitation frequency, and ¢, the speed of sound in the cochlea fluid. The last term defines
the compressibility of cochlear fluid, which here it is assumed to be the same as water,
which is very low and so the fluid is close to being incompressible. Similarly, it is possible
to approximate the effect of fluid viscosity by including an imaginary component in the

speed of sound in Eq. 3.6.

In order to solve for the fluid pressure distribution, the 35 mm length of the model is

separated into 294 elements in the x-direction, and the 2.5 mm height into 21 elements
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in the z-direction, as illustrated in Fig. 3.6. The number of nodes in the z-direction
was increased to 512 but this did not substantially affect the results. It was therefore
concluded that 294 elements was sufficient. The size of each element in the x and
z direction are Ax and Az respectively, which are of equal size. A finite difference
approximation to Eq.3.6 is used to solve for the pressure distribution in the cochlea,

which can be expressed as,

pln+1,m]—2p[n, m]+pln—1,m] N pln, m+1]—2p[n, m]+p[n, m—1] . (w 2p[n’ m]

Ax? Az? c

~
~

Co

(3.7)
where the pressure p(z, z) at location (nAz, mAz), is written for convenience, as p[n, m],
where n denotes node number in the z-direction and m that in the z-direction. The
approximation inherent in Eq.3.7 is good provided Axz and Az are significantly lower

then the wavelength of the resulting BM motion.

3.4.1 Boundary Conditions

The boundary conditions are implemented using Newton’s second law, applied to a small

element of fluid, whilst assuming harmonic motion,

op(z,z) .
5, = iwpu(z, z), (3.8a)
opws)
5, = iwpv(z, 2), (3.8b)

where u and v are the fluid velocities in the z and z direction respectively. The velocity

in these equations are the input into the model which define the boundary condition.

3.4.2 Cochlear Walls

The cochlear walls are all assumed to be rigid and so the velocity at each location of the
wall must be equal. The cochlear wall perpendicular to the BM are, for every cochlear
excitation mechanism investigated here, stationary. Therefore velocities of the perpen-
dicular walls, which are at the locations (0, —Ht : Hv) and (L,—Ht : Hv), are equal
to zero. The cochlear walls parallel to the BM are, for most mechanisms investigated,
also assumed to be stationary, and hence the velocity equal to zero. However, when
modelling the fluid inertia component they have a non-zero velocity, denoted by vy,
which is positive upwards for both upper and lower surfaces. For ease and continuity

in the explanation of other boundary conditions of the model, v,, will be used in the
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description of other boundary conditions, but it should be remembered that for when

the stimulus is at the cochlear windows, which is most cases, this term is equal to zero.

3.4.3 Modelling the Basilar Membrane

In the real cochlea, the BMs’ properties vary along its length: it is narrow and stiff at
the base and becomes wider and more compliant towards the apex. The admittance of
the BM therefore changes with distance from its base. For simplicity the BM is assumed
in this model to have constant width. The BM is modelled as a series of locally reacting
single degree of freedom systems, as shown in Fig. 3.7, where the admittance variation
of the BM is simulated by a gradual change of the physical parameters along the series.
When the BM is in its rest state, or non-excited state, the relative motion between it
and the cochlear walls is zero. Thus, the base of the BM systems must move with the
velocity of the cochlear walls so that when there is no excitation of the BM the relative

velocity between the walls and BM is zero.

| PaCee)

Mmo

&] vem(X, )

CBM(X ) kBM(x )

Vw((l))

Figure 3.7: Diagram of one locally reacting single degree of freedom system which is
part of a series that represents the BM

In Fig. 3.7, cpm(x), kpam(z) and m, are the resistance, stiffness and physical mass of
the BM at location x along the cochlea. py(x,w) is the pressure difference across the BM
and vpys(z,w) the BM relative velocity between the BM and the cochlear walls. The
physical BM mass per unit area for each element is assumed to be constant. However,

the stiffness and resistance vary along the length of the cochlea as,

kpa(z) = whme T, (3.9a)
kpym
cpm(r) = 0, (3.9b)

representing the distribution of natural frequencies along the cochlea and with a damping
representative of the passive cochlea. wp is the natural frequency at the base of the
cochlea and equal to 20kHz. @), is a constant estimated to be equal 2.5 in a passive
cochlea (Elliott and Shera, 2012) and [, is the characteristic length, which here it has

been set to equal 7 x 1072 m.

The total mass of each BM element, m, was assumed to be 0.29 kgm~2 (Elliott et al.,
2011), which is the sum of the physical mass and the added mass of the BM, myqq. The
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motion of the fluid immediately adjacent to the BM, which effectively adds mass to the
BM, is termed added mass. The values of m, and mqqgq where found by comparing the
position of the peak BM response with zero damping, when the model was excited at
a range of frequencies to the desired tonotopic map, Fig.3.8. The desired variation of

frequency to position is,

~|8

wpe
Fp = . 3.10
D o (3.10)

10 T
—— Distribution of Fo
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Figure 3.8: Comparison of desired tonotopical map (black line) with tonotopical map of
the cochlear model determined from the peak BM response, without damping (yellow
dashed line) and with damping (red dashed line).

The values of m, and m,4q needed to match the peak positions to the desired tonotopical
map were found to be 0.0187 kgm 2 and 0.2713 kgm 2 respectively. It should be noted
that the values of these masses are dependant on the size of elements used in the model.
For further discussion on this see Appendix A. Adding damping shifts the position of
the peak response towards the base of the cochlea. The difference in frequency at one
location on the BM between the peak response with and without damping is about an

octave.

It has been assumed that there is no longitudinal coupling between the single degree of
freedom systems, meaning each system acts independently. The equation of motion of
each of the BM elements using the parameters shown in Fig. 3.7, for a given location x,
is,

. k
deZmeUBM-F(CBM-f—%)(UBM—Uw). (3.11)
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This can be rearranged and written as,
vpym () = =Ypum(2)pa(x) + Trar (z)vw(x), (3.12)
where the pressure difference across the BM at location x is defined as,
pa(z) = p[n, 1] — p[n, 1], (3.13)

and Yppr(x) is the admittance of the BM, at location z, which is equal to,

w
iweppy(x) + kpar(x) — w?m,’

Yeum(z) = (3.14)

The relative transmissibility, Tgar, from the wall velocity to the relative BM velocity is

equal to,

w?me

T = . 3.15
BM iwepn (z) + ke () — w?m, ( )

The variation of the admittance and transmissibility with frequency, at a single location,
29 mm along the BM, is plotted in Fig.3.9.

The admittance at this location peaks around 1.2 kHz and then falls off at higher fre-
quencies. The relative transmissibility increases and than tends to a value of 1 at higher
frequencies. This means that at locations far beyond the characteristic place the relative

BM velocity is almost the same velocity as the cochlear walls.

The BM is located between the nodes, [n,0] and [n,1]. The structural behaviour of
the BM is implemented into the model through Eq. 3.8b, where it is assumed that
the velocity in the z direction, both below and above the BM, is equal to the relative
BM velocity vpys, defined in Eq. 3.12. Hence, the two equations, that defined the BM

boundary conditions expressed in a finite difference form are,
—p[n, 2] + (1 + iwpdzYppr (x))p[n, 1] — iwpYsa (z)p[n, 0] = iwTpr(x)vy,  (3.16a)

p[n, —1] — (1 +iwpdzYpnrr(x))p[n, 0] + iwpYpr (z)pin, 1] = iwTprr(x)vy.  (3.16b)

The right-hand terms in both equations are equal to zero when the cochlear walls are
assumed to be stationary, as discussed in section 3.4.2. Defining the BM velocity and
the fluid velocity adjacent to the BM to be equal couples the BM motion into the fluid.
The velocity of the BM is an output of the model, and as can be seen by Eqs.3.16, are
dependant on the pressure in the cochlear fluid, which is generated by the stimulus to

the cochlea.
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Figure 3.9: Magnitude of the BM admittance (a) and BM transmissibility (b) and their
phases (c), (d), calculated at one node (n=244) along the BM, for a range of frequencies.

3.4.4 Modelling the Cochlear Windows

The modelling of the cochlea window is similar to the modelling of the BM, in that the
windows are all represented by a series of single degree of freedom system, and their
behaviour is described by boundary condition equations. The admittances are those felt
by the fluid looking out from the cochlea. Both windows stretch along the x axis from

0.12 to 2.3 mm from the base of the cochlea and are located at the cochlear walls.

A flexible round window is modelled as a series of springs, each with the same stiffness,
krw. They are not coupled together mechanically, however, their motion is dependant
on the cochlear fluid pressure at the round window, and so the motion of the individual
systems are coupled via the fluid pressure. The velocity of each system is related to the
fluid pressure at x positions of the round window, (x, H;), and the admittance of each

system by,
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Vp = Uy — Yewp(2, Hy). (3.17)
where,
WA,
Yy = “]‘; . (3.18)

Similarly, the flexible oval window is modelled as a series of single degree of freedom
systems, much like the BM, although the parameters do not vary longitudinally. The
admittance experienced by the fluid looking out of the cochlea is mostly due to the

dynamics of the middle ear, and is defined as,

”
Yo = P . (3.19)

(Kow + 1WCo — W2Myy)

The stiffness, resistance and mass describing the admittance at the oval window, due to
the middle ear, are represented by, Koy Cow and me,. The values of these parameters
of the oval window are taken from Puria (2003). The round window stiffness is also
assumed to be one tenth that of the oval window, as suggested in Gopen et al. (1997).
A, is the area of the window. All the values of the parameters used in the model are

listed in table 3.1. The admittance is related to the oval window velocity by,

Vow = U + Youp(z, Hy). (3.20)

The vy, term in both Eq. 3.17 and 3.20 means that if the admittance of the window
tends to zero, the velocity of the window tends to the same velocity as that of the cochlea

wall it is part of.

The boundary conditions of the cochlear windows are defined in two ways, depending
on the excitation mechanisms being modelled, but both use Eq. 3.8b. When a window
is assumed to be flexible, the velocity is an output of the model, determined by the
pressure in the cochlear fluid which is generated by the stimulus to the cochlea. In
this case the fluid velocity in the z direction is described, for a flexible window, as the
window velocity in Eqgs. 3.17 and 3.20. If the cochlea is excited at one of the windows,

the velocity in Eq. 3.8b becomes an input to the model and hence is chosen.

3.4.5 Numerical Solution

The 2D time independent wave equation along with the boundary conditions that de-

scribe the cochlea structures, discussed in the previous sections, are expressed in finite



Chapter 3 Description of the 2D Finite Difference Cochlear Model and Middle Ear

50 Model

difference form and then solved for the pressure distribution in the cochlea, using the

matrix equation,

. -1
Ap =q, solvedin the foorm p=A""q. (3.21)
When expanded this equation can be expressed as,
_ I, -I. O 0 0 -1
h —In Az, -In 0 O a
P3 0 —In Asey —In O ds
: (3.22)
PN-2 0 ~InAnxny-2z  —In 0 an-2
PN-1 0 . A _1I adN-1
(NxM)—1 n
- PN | 0 0 0 P an

Each element of the matrix represents a location in the cochlea. The equation is designed
so that the Helmholtz equation and boundary conditions are described in the matrix A,
while the external excitation is defined in the q vector. The pressure vector, p, is solved
for, which describes the pressure distribution in the cochlea. Each pressure vector, py,

is a vector of pressures where k denotes the z-th position such that,

[ p(n,My+1) 7]

p(n,1)
p(n,0)
p(n,—l)

Pn = (3.23)

L p(n,—M+)) |

A is a large tri-diagonal matrix made up of a N x N block matrix where each element
is a M x M matrix. The outside diagonals are made up of incomplete identity matrices,
of size M x M, which have zeros at locations representing the BM and cochlear walls,

allowing for the boundary condition to be implemented.

-0 0 0 -
0 -1 0
0 0 —100 ..
_ . 000 0 ..
In = 000 0 .. (3.24)
00-10 0 ..
...... 0 -10
L 0 0 0-
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In a general model the diagonal elements of this matrix would be equal to %2, however,
since the elements of the model are square, elements of the matrix are equal to one. The

middle diagonal of the large A matrix, Ay have the form,

[Cow  —1 0 0
2
—1 4 (=2) -1 0...
2
0 —1 (=) -1 0...
Ay = (3.25)
0 -1 1+ipYB]\/[(I)AZ —ipYij(QT)AZ 0
0 ipYpm(x)Az —(1+ipYpar(x)Az) 1 0
2
0 -1 47(%02) -1 0
2
-1 a-(222)"
L 0 1 CT"LU

The first and last rows of these matrix elements define the boundary conditions of the
parallel cochlear walls. The cochlear windows interrupt these walls and so for specific
matrices the boundary conditions of the windows are defined in these rows. When the

flexible cochlear windows are modelled,

Cow = =1 + iwpYo,Az (3.26a)
Crw = =14+ iwpY,pyAz. (3.26D)
However, when a rigid wall is modelled,
Cow=1 (3.27a)
Cry =—1 (3.27Db)

The BM boundary conditions are described by the rows containing the BM admittance.
The A(nxar—1 element contains the helicotrema admittance, instead of the BM. The
middle diagonal of the Ay matrix element defines the fluid compressibility of the model.

2

In general, these central elements are equal to, 2 + 22;2 — (wé'z) , however, again due

to the square shape of the model elements, Ax and Az are equal and hence this term
2

reduces to 4 — <LAZ> )

Co
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3.5 Methods of Exciting the Model

Each cochlear excitation mechanisms is simulated by a unique set of boundary condi-
tions. The external excitation is defined in the q matrix, which is made up of N vectors
each of length M, as shown in Eq. 3.22. Each sub-vector, qyn, represents a vertical strip
of the cochlear model, such that the first element represents the upper wall and the
bottom the lower wall of the cochlear model. In the following sections a description is

given of each of the excitation methods simulated in this cochlear model.

3.5.1 Piston Motion at the Stapes

A piston-like motion of the stapes is used to excite the cochlea when simulating AC
hearing and the middle ear inertial component of BC hearing. The velocity of the oval
window, vy, 18 assigned a value which is the same for every location so that the window
moves in unison. This is implemented in the model by assigning the elements in the q

vector which represent the window locations a value of, —iwv,,pAz.

3.5.2 Rocking Motion of the Stapes

The rocking motion of the stapes is modelled to be non-volumetric, which means that
the net flow through the oval window is zero. The velocity at the ends of the windows
are equal in magnitude but opposite in direction. The velocity linearly decreases in
magnitude towards the centre on both sides such that the window moves symmetrically

about the mid point of the window, as shown in Fig. 3.10.

z
—_———_n—-—-—L

Rocking

Figure 3.10: Schematic diagram of the velocity profile of the oval window when it is
excited by a rocking motion.

This velocity gradient is applied to the model at the oval window locations, via q, in
the same way as the piston-like motion, however in this case the velocity of each of the

elements are not equal.
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3.5.3 Middle Ear Inertia

When modelling the middle ear inertia the motion of the stapes is assumed to be piston-
like. The motion of the stapes due to vibration of the temporal bone is predicted by
the lumped parameter model of the middle ear, as discussed in Section 3.1. The output
of the lumped parameter model is combined with the cochlea box model to simulate
this pathway. The ratio of the relative stapes displacement to the excitation frequency,

defined in Eq.3.5, is used to determine the velocity of the oval window,

Vow = Tw—2. (3.28)
TE

3.5.4 Fluid Inertia

The fluid inertia component of BC is where vibrations of the temporal bone impart
inertia forces on the cochlear fluid, causing an excitation of the BM, as discussed in
Chapter 2. This is modelled by assuming the cochlear walls parallel to the BM vibrate
harmonically. In reality the vibrations of the skull vibrate the complex structure of
the cochlea in all three dimensions. In this 2D model this is not possible to simulate,
however, if the cochlea is vibrated in all planes, there will always be a component in the
direction parallel to the BM. Given the limitation of this model, it is this component
of vibration that is being modelled here. The velocity of the parallel cochlear walls are

defined to be equal, so that v,, = v., where v, is the excitation velocity.

3.6 Benefits of the Model

The flexibility of this model means that it can be manipulated to simulate a wide varia-
tion of cochlear excitation mechanisms, allowing them to be compared under one frame-
work. The output of the model is a pressure vector which holds the information of
the pressure distribution within the cochlea. From this information, data such as the
BM response, cochlear window velocity and volume velocity through the BM and win-
dows,can be easily extracted. This model was solved here using MATLAB software, but
could also be built and solved in other similar software. The run time of the model is
very short, approximately 30s for a single frequency on a personal computer (2.67 GHz
processor, 8 cores and 8 GB of RAM). This allows for a large number of analyses to be

run in a short time span and without having to meet high computational demands.
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3.7 Conclusion

The cochlea has been modelled using a methods ranging from, simple lumped parameter
model to complex finite element models. The structures that are fundamental to all

models are the: BM, two cochlear windows and at least two fluid chambers.

The cochlear model in this thesis, consisting of two asymmetrical chambers, separated by
an electric structure of varying admittance and two windows, was used to investigations
multiple hearing mechanisms. The model simplified the complex geometry of the cochlea
to a simple rectangular box shape. A finite difference approach was used to solve the 2D
time independent wave equation for the fluid pressure distribution in the cochlea. The
elastic membranes of the BM and cochlear windows are represented by a series of simple
single degree of freedom systems. Boundary conditions are used to define the motion of
the these structures within the model, as well as the rigid cochlear walls. The model can
be excited in multiple ways which simulate the different cochlear excitation mechanisms.
In this chapter, enough information was given so that a reader could reproduced this
model in a similar software package. It has been shown that this is a very flexible model,
allowing investigations to be carried out within one framework and, due to the short run

time, over a relatively short time period.

In order to model the middle ear inertia component of BC hearing the relative motion
of the stapes was estimated using a lumped parameter model of the middle ear ossicles.
The velocity relative of the stapes was then used as an input into the cochlea model
to find the cochlear response to this hearing mechanism. The parameters of the model
were calculated from the known resonant frequency and the mass of the ossicles. The
output was validated against experimental results on measurements on temporal bones

and shown to be similar.



Chapter 4

Results from the 2D Finite
Difference Model

4.1 Introduction

In this chapter the cochlear excitation results are presented due to stimulating the
cochlea via the stapes and BC, specifically by a piston-like motion of the stapes, the
non-volumetric excitation due to of rocking motion of the stapes and the two inertial
components of BC. These mechanisms have been described in Chapter 2 and a de-
scription of their modelling is given in Chapter 3. The BM response and the pressure
distribution in the cochlea are determined, in order to understand the cochlear response
due to these mechanisms of excitation. The results are compared with experimental

data and the results of other models.

The BM response results are presented normalised to the excitation velocity for each
mechanism. This means, for acoustic simulation, that the BM velocity is normalised to
the imposed oval window velocity, while for the inertia bone conduction simulation, the
BM response is normalised to the external vibrations of the skull. The BM response
due to the rocking motion of the stapes is normalised to the maximum velocity of the
oval window, which is the velocity at the outer edge to the oval window. Calculating the

relative BM response allows for a comparison of the different mechanisms of excitation.

In this model the peak BM response is assumed to be proportional to the hearing
response. In order to determine the frequency response of the BM due to each excitation
mechanism, the BM response was calculated at multiple individual frequencies and the
peak response found. The results for all frequencies were collected together to determine

the overall frequency response due to the excitation mechanism.
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4.2 Comparison of Response along the Basilar Membrane
due to Multiple Excitation Methods

The magnitude and phase of the BM response due to excitation via air conduction, the
two inertial components of BC and the rocking motion of the stapes, at 1 kHz, were
determined and are shown in Fig. 4.1. Although the magnitude of the BM response is
greatly dependent on the excitation mechanisms, the position of the peak value is the
same. It is assumed throughout these results that the peak BM response is proportional
to the hearing response, so a greater BM response leads to a louder hearing perception.
The responses at 1 kHz are shown here as an example, but the difference between
the magnitude of the responses and the position of the peak response is dependent on

frequency, which will be further examined later.

The phase variation along the BM has a similar shape for each mechanism, where the
phase falls with an increasing rate as the wave travels along the BM. At locations
past the peak response, the phase of all the responses are equal. However, there is a
phase difference for the BM response between the different excitation mechanisms at
locations close to the base, where the travelling wave is generated. This phase difference
is due to the different excitation mechanisms and the excitation frequency. Hence, this
comparison between the phase graphs is not representative of all frequencies, however,

the shape of the phase response is similar for the audible frequency range.
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Figure 4.1: Graph comparing the phase and magnitude of the BM response for a piston-
like motion at the stapes (green), the two inertia BC components, middle ear inertia
(red) and fluid inertia (blue), and the rocking motion of the stapes (purple) when excited
at 1 kHz. All excitation mechanisms show a very similar shape of phase, however, the
magnitude is excitation mechanism and frequency dependent.
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The instantaneous BM displacement, at various frequencies was determined for the
different excitation mechanisms, in order to compare the shape of the response at an
instant in time. As shown above, the magnitude of the BM response and phase differs
for each response and so for clarity in comparing the responses, the displacements were
normalised to their peak value and the phase altered such that the responses were at
the same point in their cycle. A snap-shot of the normalised BM displacements at a
single instant in time is shown in Fig. 4.2 for excitation at 1 kHz, but the similarities in
shape are the same for the range of audible frequencies considered. It can be clearly seen
that this model predicts that no matter how the cochlea is excited, a travelling wave
along the BM is produced. This is in agreement with the discovery last century that a
travelling wave is produced that travels from the base to the apex no matter where along
the length of the cochlear the excitation occurs Bekésy (1955). It is also in agreement
with the majority consensus in the literature that the motion of the travelling wave is
fundamental in the production of a hearing response. It is therefore not unexpected
that a travelling wave is produced for every excitation mechanisms, but it is significant
that for non-volumetric excitation such a wave is seen. It has only been reported by
one other group that this similar wave will be produced by non-volumetric excitation
of the cochlea (Edom et al., 2013). The shape of the wave is very similar at locations
away from the base, however, close to the base of the cochlea, there is a deviation when
excited by the rocking motion of the stapes. This deviation is similar to that found by
Edom et al. (2013) for this kind of excitation, and will be further discussed in Section
4.4.

Piston-like Stapes
== Middle Ear Inertia
= = = Rocking Stapes

----- Fluid Inertia
1 . . .
(]
[%2]
c
8 ﬂ
o
%]
(0]
@ 0.5¢
()
c
g
Qo
§
= 0 N
3 ~
7
o
i}
® -05
i)
©
E
[=}
z

0 5 10 15 20 25 30 35
Distance along Cochlea, mm
Figure 4.2: Graph comparing the normalised BM response for a piston-like motion at
the stapes (green), the two inertia BC components, middle ear inertia (red) and fluid
inertia (blue), and the rocking motion of the stapes (purple) when excited at 1 kHz.
All excitation mechanisms have a very similar shaped travelling wave along the BM
at locations greater than 5 mm from the base. Only the rocking motion of the stapes
produces a small peak in the response close to the cochlear base.
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4.3 The Response to Piston-like Motion of the Stapes

A uniform velocity was applied at the oval window to simulate a piston-like motion
of the stapes, which is assumed to dominate when the cochlea is excited by AC. The
magnitude of the relative BM velocity response and the phase, for a range of frequencies,
is shown in Fig. 4.3a and 4.3b. The BM velocities are relative to the velocity of the oval

window.
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Figure 4.3: The magnitude (a) and phase (b) of BM response, relative to the velocity
of the stapes, due to excitation via a piston-like motion of the stapes at 6, 4.5, 3.3, 2.4,
1.8, 1, 0.8, 0.5, 0.3 kHz, where the highest frequency is the first plot on both graphs and
the lowest the last plot. The red dots illustrate the position of the peak response.

Fig. 4.3a shows that the BM response increases until it peaks, and then sharply declines.
This is due to the variation of the admittance along the BM, and is consistent with the
measured BM response in the real cochlea when it is passive. The cochlea has a passive
response when either it is excited by high level of stimulus, or when it is lifeless. The peak
response is frequency dependent, and increases along the length. The red markers in Fig.
4.3a denote the peak response at any one excitation frequency. When calculating the
frequency response of the BM, it is these values that are calculated and then plotted, as
shown in Fig. 4.4. The phase of the response decreases along the length, with increasing
magnitude, with an overall phase shift of about 2 cycles at the position of the peak
response, as seen in Robles and Ruggero (2001). The ripples in the BM response seen at
low amplitudes are similar to those found in Elliott et al. (2011); de Boer and Viergever
(1982); Watts (2000), which are due to multiple wave propagation (Elliott et al., 2013).
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Figure 4.4: Frequency response of the peak BM velocity, relative to the stapes velocity,
due to excitation via a piston-like motion of the stapes.

The relative peak BM response was predicted to decrease with frequency, until about 6
kHz, where it levels off, as shown in Fig. 4.4. A decrease in the BM response, relative

to the excitation velocity of the stapes has also been found by Edom et al. (2013).

4.3.1 Comparison of the Models Results with Experimental Data

Stenfelt et al. (2003a) measured the BM velocity per stapes velocity, at one location along
the cochlear length, in human cadavers, over a range of frequencies. The BM response
is passive in cadavers and so the BM response predicted by this passive model can be
directly compared to these experimental results. The location of the measurements made
by Stenfelt et al. (2003a) was 124+ 0.5 mm from the round window. It was assumed that
the distance between the round window and the base of the cochlea was in the region
of 2 — 3 mm and so the location along the cochlear model chosen as a comparison was
about 15 mm from the base of the cochlea. The geometry of the cochlea in the hook
region is very complex and so given the simplified geometry of the cochlear model only

an estimate of comparable locations can be used.

The BM response at this location was calculated for a range of frequencies and compared
against the Stenfelt et al. (2003a) results.

The magnitude and phase of the BM response at 15 mm from the base is shown in
Fig. 4.5a and 4.5b and Stenfelt et al. (2003a) results are shown in Fig. 4.6, labelled as
BM ac. Also shown in the Fig. 4.6 are the results of a similar measurement carried out
by Gundersen et al. (1978) for comparison. The other plots shown in this figure (labelled
OSL2 and OSL1) are not relevant to this discussion and so should be ignored. When
comparing the magnitude of the two responses, experimental and calculated, it can be

seen that the overall shape of the relative BM frequency response at one location are
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at 15 mm along the cochlea from the base. The magnitude is shown in (a) and the phase

in (b).
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Figure 4.6: Results taken from Stenfelt et al. (2003a) of the measurements BM response,
relatively to the stapes motion, at 12 + 0.5 mm from the round window. The relative
magnitude is shown in (a) and the phase in (b). Other plots shown on this graph
(labelled OSL2 and OSL1) are not relevant to this discussion and so should be ignored.

similar. There is a peak in the response between 1 and 2 kHz which then falls off sharply.
The location of the peak is dependent on the location along the cochlea chosen to take the
measurements or in this case calculate the response. When experimental measurements
are taken there is always some discrepancy between the chosen locations of measurements
between specimen, however, this is not the case when calculating the relative response
in a model. Hence, the small discrepancy between the peak BM responses are probably
due to the exact location chosen to calculate the BM response. The magnitude of the
peak relative BM response is predicted as about 20 dB by this model, which is slightly
lower than that measured by Stenfelt et al. (2003a) and Gundersen et al. (1978) at about
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25 dB. This could be due to the size of the oval window chosen. The larger the window
the greater the excitation volume velocity and hence the greater the stimulus, so that,
if a larger window was chosen then the response would be greater. The shape of the
calculated phase of the relative BM response is similar to that measured by Stenfelt
et al. (2003a) and Gundersen et al. (1978), with a lag of about 2 cycles at the frequency

of peak response.

4.3.2 Cochlear Pressure Distribution

The piston-like motion of the stapes into the cochlea causes a displacement of fluid in
the scala vestibuli which is compensated at the round window by a fluid displacement
out of the scala tympani. This is called a volumetric excitation mechanism, as there is
net fluid flow in and out of the cochlea due to the motion of the cochlea windows. The
pressure distribution created in the cochlea, at one instant in time, due to this type of
excitation is shown in Fig. 4.7b, with an exaggerated BM displacement laid over the
top. This pressure distribution is a result of both the motion of the oval window and
of the BM. The oval window in this case is moving into the cochlea, which creates the
positive pressure that is seen at the base of the scala vestibule. The round window moves
outwards, acting as a pressure release and so the pressure at the round window is zero,

as seen in Fig. 4.7b.

There is a mean-pressure created in the cochlea, which is due to the fast wave propa-
gation. The mean-pressure does not contribute to the slow cochlear wave propagation
along the cochlea and so it is subtracted from the cochlea fluid pressure, with the re-
sulting pressure distribution shown in Fig. 4.7c. This pressure distribution was further
separated into its plane wave, Fig. 4.7d, and near field Fig. 4.7e components. The
plane wave component is defined to be the pressure distribution along the walls parallel
to the BM in each scala, and is constant in the transverse direction of each scala. The
cochlear windows are located within these walls and so for locations in close proximity
to the windows, the plane wave pressure distribution was taken at a distance further
away from the window where the effect of near-field pressures due to the oval window
and BM were minimised. The pressures for each axial location in each scala were then
duplicated in the transverse direction over the whole cochlea so that the plane wave
pressure distribution was produced. The near field pressure distribution was calculated

by subtracting the plane wave component from the total pressure distribution.

The plane wave component was found to be the dominant pressure distribution in this
case, as the maximum value of the near field component is about a quarter of the value
of the maximum plane wave pressure. The near field pressure in this case is largest
close to the BM, at the locations where the BM excitation is highest and so the local
acceleration of the fluid is greatest. A small near field pressure is also visible in the

locations close to the cochlear windows, which is due to the motion of the windows.
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Figure 4.7: Nlustration of the pressure distributions in the cochlea due to excitation via
a piston-like motion of the stapes. The total pressure distribution is shown in (b). The
resultant pressure distribution after the mean pressure causing the fast wave propaga-
tion, (a), is subtracted is shown in (c). The plane wave and near-field components of
the pressure distribution are shown in (d) and (e) respectively.

4.4 Rocking Motion of the Stapes

The results of the investigation into the rocking component of the complex motion of
the stapes, due to AC stimulus, are presented and discussed in this section. The BM
response, due to a modified model, are compared to those of Edom et al. (2013), where
a 2D box model of the cochlea was also used to investigate this cochlear excitation
mechanism. Although a considerably more complicated model of the fluid, including
viscosity, was used by Edom et al. (2013), they did not include any damping in the
modelling of their BM.
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4.4.1 The Response of the Cochlea due to the Rocking Motion of the
Stapes
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Figure 4.8: The magnitude (a) and phase (b) of the BM response, relative to the maxi-
mum velocity, due to the rocking motion of the stapes at 6, 4.5, 3.3, 2.4, 1.8, 1, 0.8, 0.5,
0.3kHz, where the response at 0.3 kHz peaks near the apex and 6 kHz at the base.

The magnitude and phase of the BM response, for a range of frequencies is shown in
Fig. 4.8a and 4.8b. It can be seen that the shape of the magnitude and phase of the
BM response is similar to that of the other excitation mechanisms at distances more
than about 5 mm from the base of the cochlea, which is due to the similar shape of
travelling wave along the BM. A small peak in the magnitude and phase can be seen
close to the apex of the cochlea. This peak in response close to the apex is due to the
method of excitation, as will be discussed when the pressure distribution in the cochlea

is examined.

The magnitude of the relative peak BM response due to the rocking of the stapes is
shown in Fig. 4.9, and for comparison, the magnitude of the relative peak due to the
piston-like motion of the stapes is also included. The BM response is normalised to the
peak stapes velocity in both cases. The peak response due to the rocking motion of the
stapes is very low below 1 kHz, but increases with excitation frequency. The response
to the rocking component rises approximately proportional to the frequency, indicating
that it is the acceleration of the fluid that causes the near field excitation. It can be
seen that the rocking of the stapes generates a much lower BM response than that of a
piston-like motion of the stapes. The difference between the BM response of these two
mechanisms decreases as the frequency increases, from about 80 dB at 200 Hz to about
10 dB at 8 kHz. In order to understand the difference between the two mechanisms
of excitation the pressure distribution in the cochlea is examined, and is shown in Fig.
4.10a.
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Figure 4.9: Frequency response of the peak BM velocity, relative to the maximum stapes
velocity, due to excitation via the rocking motion of the stapes (purple).
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Figure 4.10: Pressure distribution sin the cochlea due to the rocking motion of the
stapes. The total pressure distribution is shown in (a) and the plane wave and near-field
components are shown in (b) and (c¢) respectively.

It can be seen that the pressure distribution differs greatly from those produced by the
piston-like motion at the stapes or vibration of the cochlea walls, which were shown in
the previous sections. When the stimulus is a rocking motion of the stapes the pressure
in the cochlea is dominated by the near-field pressure, at the base of the cochlea, close
to the oval window. This is in contrast to the volumetric excitation where the plane

wave component dominates the pressure distribution. The pressure close to the oval
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window is divided into a positive and negative near-field pressure that extends as far as
the BM. The pressure adjacent to the oval window is positive when the stapes velocity
is downwards and negative when the velocity is upwards, although it then becomes
distorted by the effect of the end wall of the cochlea at positions further away from the
oval window. It is this near field pressure established at the oval window that drives the
BM into motion and is the origin of the small peak in the BM response at the base of the
cochlea. As can be seen from the BM travelling wave overlaid in Fig. 4.10a, the shape
of the BM deflection near the base of the cochlea follows the shapes of the near-field
pressure distribution. It should be noted that a mean pressure still occurs when the
cochlea is excited by this non-volumetric excitation. The pressure distribution from the

rocking excitation mechainsm is similar to that found by Edom et al. (2013).

The overall pressure distribution, once the mean field pressure was subtracted, was again
further separated into the plane wave and near field components, which are shown in Fig.
4.10b and 4.10c. The near field pressure distribution is now dominated by the pressure
at the oval window due to the rocking motion of the oval window. The near field pressure
close to the BM at the locations of its maximum response is again present. This is due
to the travelling wave, but is in this case it is about two orders of magnitude less than
the near field pressure extending from the oval window. The plane wave component
is now a factor of 20 times smaller than the near field pressure component but has a
similar form to that due to volumetric excitation since it is associated with the slow

wave propagation causing the peak BM motion.

4.4.2 Comparison with Edom et al. 2D Model

The cochlear response, due to the rocking of the stapes, is compared with those found
by Edom et al. (2013). It is important to compare results with other models as it is
a method of indicating the robustness of the results. If a problem is approached from
two different angles, and the results are reasonable comparable, then this increases the
likelihood that they represent reality. If the results of two models are found to be
considerably different, then there is a possibility that one or more assumptions in one or
both models are unsuitable. This is, however, not to say if two models agree that they
must be predicting realistic results, they may just happen to predict the same unrealistic

result.

Edom et al. (2013) built a 2D box model of the cochlea and solved it using the Navier
Stokes equations, for excitation via a piston motion at the stapes and rocking of the
stapes. The results found by the Edom et al. (2013) investigation can be compared
to those found by the present cochlear model. The Edom et al. (2013) model differs in
geometry as well as the method of modelling the BM, as discussed in Chapter 4. The 2D
finite element model presented here was altered to reflect the geometry and admittance

variation along the BM of the Edom et al. (2013) model, for a better comparison between
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models. The cochlear chambers were altered so they were symmetrical and had a height
of 0.72 mm and a length of 36 mm. The oval window was positioned parallel to the BM
with the centre of the stapes 2.1 mm from the base and its length extended to 3 mm.
The location of the round window was moved so it was on the end wall, perpendicular
to the BM.

In the Edom et al. (2013) model, the physical mass of the BM is assumed to be zero and
the structural damping is neglected, assuming that the majority of the damping can be
described by the fluid viscosity. Hence, the values and the variation along the cochlea
of the effective damping and mass are inherent in the model and were not separately
reported. Instead of trying to match the parameter values, the tonotopic map of the
Edom et al. (2013) model was matched by the peak BM displacement position frequency
map of this 2D finite difference model, shown in Fig.4.11. The parameters that are used
to describe the variation in the stiffness of the BM in the model, wg, [, mqqq4, as well as
the damping, cgys, were modified so that the best place frequency map matched that in
Edom et al. (2013). wp was set to equal 23 kHz to match that of the base frequency and
then [ was arbitrary altered so that the gradient of the tonotopic map of the cochlea was
similar to that of the Edom et al. (2013) model, to give I = 4.6 x 1073, The variation
in cgys was decreased by multiplying it by a factor, so that the peak BM response for
the rocking motion of was similar to that in Edom et al. (2013). The added mass in
this model needed to correlate the tonotopic maps was 0.3 kgm~2 and the damping was
altered by a factor of 0.37. The BM response predicted by this altered model is shown
in Fig. 4.12a. The results are shown in dimensionless units for ease of comparison with
Edom et al. (2013), with L* = 3 x 10~ 3m.
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Figure 4.11: Comparison of Edom et al. (2013) tonotopic map and that from the altered
2D finite difference model.
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The BM displacement results, found by the modified model described above, are shown
in Fig. 4.12a in a form that allows them to be compared with that of Edom et al. (2013)
which are shown in Fig. 4.12b.
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Figure 4.12: Magnitude of BM displacement, relative to the maximum stapes displace-
ment, when the stimulus is rocking of the stapes and with the modified geometry and
BM admittance (a). Results from Edom et al. (2013) of the magnitude of BM displace-
ment, relative to the maximum stapes displacement, when the stapes was rocked (b).
The frequencies of excitation are labelled adjacent to each plot.

As can be seen from Fig. 4.12a and 4.12b, when the Edom et al. (2013) geometry is used
and the BM parameters altered, there is a reasonable correlation between the Edom et
al. model results and those produced here. Edom et al. (2013) predicted there to be
an increase in BM response with frequency up to 2 kHz and then a reduction at 4 kHz.
The magnitude of the BM response is similar between the two sets of results between
100 and 2 kHz. The reduction in the BM response at 4 kHz is reproduced, although not
to the same extent as that found by Edom et al. (2013). Another difference between
the results is the width of the envelopes. The results from Edom et al. (2013) decay
over a greater length and are more symmetrical about the peak than those found here.
This is due to the difference in the travelling wave along the BM. Edom et al. (2013)
model predicts that the travelling waves decays in roughly 7 cycles, rather than 4 cycles
predicted by this model. As discussed in Chapter 3, the damping in Edom et al. (2013)
is incorporated into the cochlear fluid however, in this model it is defined in the BM.
The comparison of the models results show that similar results can be obtained through
either method of defining damping into the system. A alteration of the magnitude of

this damping will change the number of cycles in which the travelling wave decays.

There is a decrease in response, predicted by both the Edom et al. (2013) model and
the modified 2D finite difference model, at 4 kHz. The unmodified model present in this
thesis does not predict such a decrease, which can be seen in the peak BM response, Fig.

4.9. This shows that the model parameters can have significant effect on the predicted
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results. However, all variations of this model and that of Edom et al. (2013), predict an

increasing response with frequency below 2 kHz.

4.5 The Cochlear Response due to the Inertial Compo-

nents of Bone Conduction Hearing

The cochlear response due to the two inertial BC components, the middle ear inertia
and fluid inertia, are presented in this section. As previously described, the middle
ear inertia is simulated by applying a uniform velocity to the oval window generating
a piston-like motion, where the input velocity is calculated from a lumped parameter
model of the middle ear ossicles. The fluid inertia is simulated by applying a velocity
to the upper and lower cochlear walls in order to simulate vibration in the vertical
plane. When simulating the BC pathways, the BM response is calculated relative to the

assumed external vibration of the temporal bone.

4.5.1 Cochlear Response due to the Inertial Bone Conduction Path-
ways

The relative magnitude and phase of the BM response due to the two inertia components
of BC, for a number of frequencies, are shown in Fig.4.13. The shape of the BM response
is similar for each response, however, the amplitude is excitation and frequency depen-
dent. The variation in the initial phase of the BM response due to the middle ear inertia

is due to the complex input, calculated from the middle ear response to vibrations.

Fig. 4.14 shows the peak relative BM response due to the two inertial components of BC.
This model predicts that above 500 Hz frequency the middle ear inertia is the dominant
mechanism of BC, and that below 500 Hz both components have similar magnitude. The
fluid inertia response gradually increases with increasing frequency, while the middle ear
inertia response rises to a peak, at around 1.7 kHz, and then decreases with frequency.
The peak in response to the middle ear inertia is due to the resonance of the middle ear
when the temporal bone is vibrated. The results of the BC components over 1 kHz must
be taken with caution since a rigid body excitation is assumed in this model, whereas,
above about 1 kHz the vibration of the skull becomes more complex as the skull is

deformed by structural wave propagation.

The form of the pressure distribution due to the middle ear inertia is exactly the same
as those shown in Fig. 4.7 as the cochlea is excited by a piston-like motion of the oval
window. The only difference is the magnitude of the response and hence the magnitude
of the pressure in the cochlea. The pressure distribution in the cochlear due to excitation

via the fluid inertia components of BC, at 1 kHz, is shown in Fig. 4.15b.
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Figure 4.13: Basilar membrane response, relative to vibration of the temporal bone, due
to the fluid inertia (blue) and middle ear inertia (red) components of bone conduction
hearing. (a) shows the magnitude and (b) the phase of the response at 3000, 1800, 1000,
500, 300 Hz, where the response at 3000 Hz is the closet to the base, and at 300 Hz is
closet to the apex of the cochlear.
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Figure 4.14: Peak BM frequency response, relative to vibration of the temporal bone, due
to the fluid inertia (blue) and middle ear inertia (red) components of bone conduction
hearing.

The fluid pressure distribution produced in the cochlea, due to the vibration of the
cochlear walls, at first looks complicated and very different from that produced by
applying a velocity at the oval window. At locations near the apex of the cochlea
the pressure distribution consists of a constant decline in pressure from the top to the
bottom wall. This pressure distribution is due to the motion of the cochlear walls. An

upwards velocity on the upper cochlear wall will produce a negative pressure there but
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Figure 4.15: Illustrations of the pressure distributions in the cochlea due to excitation via
the fluid inertia component of bone conduction hearing. The total pressure distribution
is shown in (b), and the resultant pressure distribution after the pressure gradient due
to the vibration of the cochlear walls, (a), is subtracted (c). The plane wave component
(d) and near field component (e) of the pressure distribution are also shown.

a positive pressure at the lower cochlear wall, generating a uniform pressure gradient
down the height of the cochlea as described in Appendix A. This pressure gradient is
illustrated in Fig. 4.15a and exists all the way along the length of the cochlea. Once
this pressure gradient is subtracted from the overall pressure distribution, the remaining
distribution of pressure in the cochlea looks very similar to that of excitation via the
piston-like motion at the oval window, shown in Fig 4.15¢. This similarly is maintained
when the pressure distribution was then further separated into the plane and near field
components, as shown Fig. 4.15d and 4.15e respectively. Although these results do
not fully represent the pressure excitation of the coiled 3D cochlea, they do provide a
reasonable first approximation to visualising the pressure distribution, for this method

of excitation.

The similarity in the pressure field between the direct stapes excitation and the fluid in-
ertia of BC suggests that both mechanisms excited the cochlea via the same mechanism.

This was confirmed by measuring the stapes excitation that resulted from imposing a
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velocity on the horizontal walls of the model. This was found to be the same, per unit
peak BM displacement, as when the stapes was directly excited. This result agrees with
the results found by Kim et al. (2011) who used a 3D finite element box model of the
cochlea and middle ear to investigate the fluid inertia component of BC. In this study it
was found that the fluid inertia excitation is driven by the volume velocity through the
oval window, hence a volumetric excitation. This 2D model and the 3D box model of
Kim et al. (2011) thus both predict that the underlying mechanisms of the fluid inertia

component of BC hearing are due to volumetric excitation.

4.6 Discussion and Conclusions

The 2D cochlear model described in the Chapter 3, was used to investigate multiple
excitation mechanisms of the cochlea. It was shown that no matter how the cochlea
was excited, a similar travelling wave was produced along the BM. If this wave was
normalised to the peak response it is was shown that it takes the same shape for all
excitation mechanisms. Air conduction hearing was simulated by assuming a piston-
like motion of the stapes. It was shown that the BM response was comparable to
experimental data and that the shape of the BM response and phase was similar to

previous measurements.

The two inertial components of BC hearing were then simulated. It was predicted from
these results, that the response due to the middle ear inertia was dominant over the fluid
inertia component for most frequencies. At low frequencies, below 500 Hz, however,
the contribution from both components were similar. The pressure distributions in
the cochlea were similar for both inertial excitation mechanisms, and it was shown
that both mechanisms stimulate the cochlea via a volumetric excitation. The pressure
distribution due to volumetric excitation was separated into a plane wave and a near field
components. The plane wave component was dominant over the near field component
for these volumetric types of excitation, showing that the BM motion couples mainly
into the plane pressure wave. The near field component was greatest at positions where

it was driven by the acceleration of the BM.

A non-volumetric excitation mechanism, of the rocking of the stapes, was also examined,
and it was shown that the response due to this component was less efficient at exciting
the cochlea than a volumetric excitation mechanism, particularly at low frequencies.
The pressure distribution in the cochlea due to this mechanism differed significantly
from that of the volumetric excitation. A large near field component extended from the
oval window to the BM at the base of the cochlea. It was this pressure component which
drove the BM travelling wave. The near field component in this case was dominant over

the plane wave component of the pressure distribution.
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The results of this model, due to the rocking of the stapes, were compared to that
of Edom et al. (2013) and show similar trends. The BM response due to the rocking
motion of the stapes was predicted to increase with frequency by both models. The 2D
finite difference model was adapted to reflect the modelling parameters and geometry
used by Edom et al. (2013) and the BM response found to be comparable, even though
the detailed implantation of the two models, particularly the form of the damping, was

significantly different in the two cases.



Chapter 5

Effects of the ‘Third Window’
and an Immobile Oval Window

on the Cochlear Response

This chapter mainly focuses on the effects of the ‘third window’ on the cochlear response
to various cochlear excitation mechanisms. In the literature it has been suggested that,
apart from the oval and round windows, a number of other fluid outlets in the cochlea,
termed the ‘third window’, may have an effect on the hearing response of the cochlea,
under certain conditions. In this chapter, two of these fluid outlets, the vestibular
aqueduct and cochlear aqueduct, have been incorporated into the 2D cochlear model

and their effect on the cochlear response investigated.

Firstly, the effect of these aqueducts on the response of a healthy cochlear is examined,
where the peak BM response was used as a measure of its effect. The cochlear response
is then examined when the cochlea is diseased with otosclerosis. Otosclerosis is a hearing
condition which causes the oval window to become immobile, and so limits the excitation
mechanisms that can stimulate the cochlea. It is thought that the ‘third window’ effects
are particularly important under these conditions. Two cochlear excitation mechanisms,
fluid inertia and local excitation of the round window, are investigated under a condi-
tion of an immobile oval window, simulating otosclerosis. The model was also used to
predict the change in BC threshold due to the otosclerosis disease. This results was then

compared with the clinical results of patients exhibiting a Carhart notch.

It has been shown in the literature that patients with a large vestibular aqueduct, LVA,
have abnormal hearing thresholds. The change in AC and BC hearing thresholds, due
to an LVA, is also investigated in this chapter using the 2D finite difference model.

The results from the model are compared against clinical results and the changes in

73
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thresholds described. The effect of a LVA on the cochlear response to local excitation

at the round window is also discussed.

5.1 Description of Aqueduct Model

The cochlear aqueduct and vestibular aqueduct were included in the 2D cochlear model
as shown in the diagram in Fig. 5.1. The vestibular aqueduct is located on the upper
cochlear wall near to the oval window, only 4 elements away, which is roughly 0.5 mm,
and extends over two elements, each of 0.12 mm in length. The cochlear aqueduct is
positioned on the lower wall in close proximity to the round window, with only one
element separating the two structures, which is about 0.12 mm, and extends only a

single element.

Vestibular
Z Oval Window  Aqueduct

“H X
t0 Round Window Cochlear L
Aqueduct

Figure 5.1: Diagram of the 2D finite difference box model of the cochlea with the
inclusion of the aqueducts. The BM is shown in blue, the cochlear windows in red and
the aqueducts in green.

The aqueducts are modelled in the same manner as the cochlear windows, where the
fluid velocity at the surface of the model at the aqueduct position is related via its

admittance to the pressure at the aqueduct location,

Vo (@, Hi) = =Yeoap(z, Hy), (5.1)

vy, (x, Hv) = Yy ap(z, Hy). (5.2)

The velocities are incorporated into the model through the relationship between the

velocities and the pressure gradients at the aqueducts,

M = —iWPUcA (ma Ht)a (53)
0z z=Hy
8p(;z’ - = —iwpvy , (z, Hy), (54)
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The admittances of the aqueducts in this model were calculated from the model given
in Stenfelt (2014). In Stenfelt (2014) it was assumed that the aqueducts were fluid filled
cylindrical ducts that terminate in the cranial space, which was modelled as a larger
fluid-filled space. The cochlear aqueduct was assumed to have a radius of 0.075 mm
and a length of 10 mm, while the vestibular aqueduct was modelled as two connecting
cylinders, the first having a radius of 0.15 mm and length 1.5 mm and the second a 0.6
mm radius and 8.5 mm length. They both terminated in the cranial space of volume,
V', which was calculated by assuming a sphere of radius 50 mm. The wave admittances
of the aqueducts, Y} 4, equal to linear velocity over pressure, were calculated here using
the area of the aqueducts, A;4, and the inverse of the acoustic impedance equation in
Stenfelt (2014),

1
Yia= - - , (5.5)
7 AjaliwLia+ Ria — i)
where,
. Aplia 8nlja pc’
Ljay=iw—%5=, Rja=—2"", Cja="— 5.6
jA w 37”"]2‘14 ) jA 777“31 ) JjA Vv ( )

where, j may either denote the cochlear or vestibular aqueduct, /;4 and 7,4 are the
length and radius of the aqueducts respectively, 7 and p are the viscosity and density of

the cochlear fluid and, ¢, the speed of sound in the cochlear fluid.

The variation with frequency of the acoustic admittances (volume velocity per unit
pressure) of the cochlear windows and the aqueducts resisting the fluid flow out of the
scala vestibuli and scala tympani, are shown in the Fig. 5.2a and 5.2b, respectively.
These graphs show that the admittances of the aqueducts are greater than the windows
at low frequencies, meaning that the fluid can flow more easily through the aqueducts
than the cochlear windows at these frequencies. The vestibular aqueduct resists the fluid
flow less than the oval window below 1 kHz, as shown in Fig. 5.2a, although the oval
window is also externally driven for many forms of excitation. The cochlear aqueduct
is less resistant than the round window to the fluid flow below 200 Hz, as show in Fig.
5.2b.
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Figure 5.2: Graphs illustrating the variation of the acoustic admittances with frequency
of the compliant structures in the cochlear model. (a) shows the admittances of the oval
window (thick red) and the vestibular aqueduct (green dashed) which are located in the
scala vestibuli while (b) shows the admittances of the round window (thin red) and the
cochlear aqueduct (dashed dotted green) which are located in the scala tympani.

5.2 Effect of Aqueducts on the Healthy Cochlear Response

The effects of adding the two ‘third window’ structures, the cochlear and vestibuli aque-
duct, into the box model on the cochlear response were investigated on the cochlear
excitation mechanisms report in Chapter 4. This included, the two stapes motion com-
ponents of AC hearing; piston-like and rocking, and the two inertial components of BC

hearing; middle ear inertia and fluid inertia.
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Figure 5.3: Peak relative BM response due to the excitation of a piston-like motion at
the stapes, (red), fluid inertia (blue) and rocking of the stapes (purple) with and without
the inclusion of the ’aqueduct’ in the model.

Fig. 5.3 shows the frequency response of the peak BM response, relative to the exci-
tation velocity, with and without the inclusion of the aqueducts in the model for the
different excitation mechanisms. It can be seen that at frequencies above about 500 Hz
the presence of the aqueducts had little effect on the overall BM response for all the
mechanisms. They also did not affect the BM response below this frequency for excita-
tion via a piston-like stapes motion, but the aqueducts did increase the BM response by
a maximum of about 15 dB when the cochlea was excited by the rocking of the stapes
and at about 20 dB at 100 Hz when excited by the fluid inertia component.

The increase in response due to the fluid inertia, at low frequencies, is due to the
aqueducts increasing the overall admittance experienced by the fluid flow out of the
scalae. This produced a greater volume velocity in and out of the cochlea, increasing
the BM response to this excitation mechanism. At higher frequencies the admittances of
the cochlear windows dominate and so the BM response is unchanged by the inclusion
of the aqueducts. The aqueducts a have significant effect on increasing the response to

the due fluid inertia pathway at low frequencies, but have no effect on the middle ear
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pathway. Hence, the aqueducts change the relative significance of the pathways to the
overall BM response. At very low frequencies the fluid inertia component dominates,

whereas with no aqueducts included in the model both components are similar.

The increase in the BM response due to the rocking of the stapes has been found to be
due to fluid flowing out through the vestibular aqueduct and hence producing a small
volumetric component to the excitation mechanism, although, since there is little rocking
motion of the stapes at low frequencies (Heiland et al., 1999; Sim et al., 2010; Hato N,
2003), this is not likely to be an important effect.

5.3 Otosclerosis and Local Excitation at the Round Win-

dow

Otosclerosis is a disease which can cause a bony growth over the oval window, eventually
resulting in its immobilisation. Patients who present with this disease have shown to be
still able to hear through BC, and hence have a large air-bone gap in their audiograms. It
is clear that in this case the cochlea cannot be excited through the motion of the middle
ear, but a hearing sensation can still potentially be produced through direct excitation
of the cochlea, for instances through the fluid inertia component. Otosclerosis was
simulated in the model by increasing the stiffness from 830 Nm~! to 8.3 x 10%® Nm™!,
which effectively makes the oval window immobile. The mechanisms by which a hearing
sensation could be produced under such conditions as well as the role of the aqueducts

is examined in this section.

Excitation at the round window has been investigated as a potential method of treating
otosclerosis (Colletti et al., 2006; Beltrame et al., 2009; Schraven et al., 2011). Weddell
et al. (2014) investigated the idea that the round window could act simultaneously as
a location of stimulus and of pressure release. This is possible due to the size of the
floating mass transducer used to stimulate the round window, where the area in contact
with the round window, typically 1.8 mm? (Colletti et al., 2006), is smaller than the
round window itself, roughly 3.2 mm?. Hence, the there is a section of the round window
not in contact with the transducer, that has the potential to act as a pressure release.
This type of excitation is simulated in the cochlear model by using a combination of a
flexible section of the round window, where the velocity is an output of the model, and
excitation over another section of the round window, where the velocity is an input to
the model. The middle 1.1 mm of the 2.2 mm length of the round window is driven,
and so its velocity is assigned, while the 0.6 mm either side is compliant, as shown in
Fig. 5.4. This mechanism of excitation allows for the round window to simultaneously

act as an excitation location and as a pressure release.



Chapter 5 Effects of the ‘Third Window’ and an Immobile Oval Window on the

Figure 5.4: Diagram showing the excitation of the cochlea via local excitation of the
round window. The arrows represent an applied velocity and the springs represent the
flexible sections of the round window. When exciting by this method, a velocity is
applied to the middle section of the round window and the pressure can be released by
the flexible outer quarters.

This method of excitation was investigated when it was assumed that the cochlea was
diseased with otosclerosis, thus the oval window was assumed to be immobile. The effect
of the inclusion of the aqueducts, under these conditions, are also investigated in this

chapter.

5.3.1 Pressure Distribution in the Cochlea due to Local Excitation of
the Round Window with No Aqueducts

Fig. 5.5b shows the pressure distribution in the cochlea, due to stimulation by the local
excitation at the round window, at 1 kHz, when the oval window was assumed to be
immobile and no aqueducts were modelled. This condition only allows for non-volumetric

excitation to occur, as there is only a fluid outlet on one side of the BM.
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Figure 5.5: Pressure distribution in the cochlea due to local excitation at the round
window. (a) illustrates the distribution before the average alternating pressure was sub-
tracted and (b) the near field component, after the subtraction of the average alternating
pressure.

The theory in Weddell et al. (2014) describes how two pressure components are created
with this excitation mechanism, which are, the average alternating pressure and near

field pressure. The average alternating pressure is constant over the whole of the cochlea,
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and can be clearly seen at locations away from the cochlea base in Fig. 5.5a. This aver-
age pressure was subtracted from the distribution and the resulting near field pressure
distribution shown in Fig. 5.5b. There is a clear near field component extending from
the round window to the BM at the base of the cochlea. It is this near field pressure
which forces the BM into motion and generates the cochlear travelling wave. This is a
similar form of excitation to the near field pressure produced at the oval window when
the stapes is rocked, generating a BM travelling wave motion. However, the shape of
the near field pressure is different in the two cases due to the variation in the shape of
the cochlear window motion. At the time instant shown in Fig. 5.5b, the middle section
of the round window is moving inwards and so a positive pressure is created, represent
in red. This motion forces the ends of the round window to move outwards, and so a

negative pressure is created, represented in blue.

Weddell et al. (2014) predicted that the average alternating pressure would be controlled

by the linear stiffness of the freely moving section of the round window, S, and would be
Sq

iwA2

and A the area. If this is true then the average alternating pressure should decrease with

given by to where ¢ the volume velocity through this section of the round window,
frequency as % The near field pressure however, which generates the BM motion, was
expected to scale with the acceleration of fluid close to the moving part of the round

window and thus be proportional to iwpq.

The average pressure and near field pressure, predicted by the model with no aqueducts
included, were calculated for a range of frequencies and are shown in Figs. 5.6a and 5.6b.
The near field pressure was calculated as the pressure, opposite the round window, at
the location of the BM, once the average pressure was subtracted from the pressure dis-
tribution. The average pressure is the pressure that is constant throughout the cochlea.
It was taken from a location far from the base near the apex of the cochlea, where all
other pressure components were not present as they had decayed away. The predicted
mean pressure follows the inverse of the angular frequency well up to about 1 kHz, while
at greater frequencies it starts to increase. This contradicts the prediction of Weddell
et al. (2014), where it was assumed the pressure was dominated by the stiffness of the
window. The deviation from this model, could perhaps be due to the inertia of the
fluid affecting the average pressure at higher frequencies, and so the pressure would be
controlled by a stiffness and a mass. This is supported by the evidence that the round
window is mass and resistance dominated at higher frequencies (Nakajima et al., 2009).
Fig. 5.6b, shows that the predicted near field pressure is quite closely proportional to
the excitation frequency, as predicted by Weddell et al. (2014), and it is this component
that excites the BM response.
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Figure 5.6: Frequency variation of the calculated average alternating pressure (a) and
the near-field pressure (b) due to local excitation at the round window with an immobile
oval window. The inverse of the angular frequency is shown in (a) and a scaled angular
frequency in (b) (black) are also shown for comparison.

5.3.2 Effect of the Aqueducts on the Cochlea Response due to Local
Excitation at the Round Window with an Immobile Oval Win-

dow

The effect of the aqueducts on the cochlear response, when excited by local excitation
at the round window with an immobile oval window, was investigated using the model
described above. Fig. 5.7 shows the peak relative BM response due to local excitation
at the round window with [i] both aqueducts, [ii] each aqueduct separately included and
[iii] no aqueducts included in the model. The presence of the vestibular aqueduct, close
to the oval window, has a significant effect on the BM response at low frequencies, while
the presence of the cochlear aqueduct, close to the round window, has very little effect.
When the oval window is immobile, and no aqueducts are modelled, the only possible
excitation mechanism is non-volumetric, i.e. via the near-field pressure as shown in Fig.
5.5b, as there is only a compliant structure on one side of the BM. Including the cochlear
aqueduct in the model does not restrict this near-field excitation from occurring, but
including the vestibular aqueduct introduces a compliant structure on the upper wall of
the cochlea, meaning that volumetric excitation can now also be generated. The BM
response due to local excitation at the round window is predicted to be increased by more
than 50 dB at low frequencies by the inclusion of the vestibular aqueduct, although, at
around 2 kHz, the BM response is reduced by up to 10 dB and then at higher frequencies

the response becomes comparable to a model with no aqueducts present.
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Figure 5.7: Graph comparing the BM response to local excitation at the round window
with an immobile oval window when both aqueducts were modelled (purple solid line),
with only the vestibular aqueduct modelled (light blue dashed line), only the cochlear
aqueduct modelled (light blue dashed dotted line) and when no aqueducts were modelled
(purple dashed line).

These results suggest that when the vestibular aqueduct is included, the overall BM
response is due to a combination of both non-volumetric and volumetric excitation. This
was investigated by calculating the non-volumetric and volumetric response and then
summing them together. The sum was compared to the total response to insure that they
had been separated correctly. An incompressible fluid was modelled here, so it was easy
to separate the two excitation components, since the total volume velocity through the
upper and lower cochlear wall must be exactly the same. This had no significant effect on
the BM response. The volumetric excitation component was predicted by calculating the
volume velocity through the vestibular aqueduct when the model was excited by local
round window excitation with both aqueducts included, and then using this velocity
value as an input into the model. The model was then excited with a piston-like motion
at the round window, such that the volume velocity through the round window was the
same as that calculated through the vestibular aqueduct, to simulate the volumetric
component of excitation. The magnitude of the non-volumetric excitation is assumed to
be the response when local excitation is simulated, when no aqueducts were modelled
and the oval window was immobile. The frequency response of the magnitude of the
peak BM velocity for the predicted non-volumetric and volumetric excitations, and for

the sum of these responses and total excitation are shown in Fig. 5.8.
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Figure 5.8: The total BM response (purple solid line) separated into its volumetric (blue

dashed-dotted line) and non-volumetric (light blue dashed line) components. The sum

of the two components (red dashed dotted line) is shown for comparison with the total

excitation, to show that they are the same.
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Figure 5.9: The phase difference, in cycles, between the volumetric and non-volumetric
components of excitation at 2000 Hz

It can be seen in Fig. 5.8 that the vector sum of the non-volumetric and volumetric re-
sponses is very similar to the total response which suggests that the two components have
been successfully separated. At low frequencies the volumetric component dominates,
while at high frequencies this switches and the non-volumetric dominates. Between
about 1 kHz and 3 kHz the magnitude of the components are similar, however, the total
response is lower. The reason for this is made clear in Fig. 5.9, where the difference in

phases between the volumetric and non-volumetric components at the peak BM response
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is plotted. The phases are shown in cycles and therefore at any point where the phase
difference ends in 0.5 the travelling waves of the two components are out of phase. The
jagged nature of this plot is due to the spacing between the frequency measurements,
however, it does illustrated where the components are in and out of phase clearly. At
frequencies below 3000 Hz the two components are out of phase and therefore the re-
sultant wave is smaller than either original wave. This difference in phase between the
volumetric and non-volumetric components, and that they are of similar magnitudes, is
thus the reason for the reduction in the BM response between 1 kHz and 3 kHz. This is
further represented in Fig. 5.10 where the total BM response and its two components

are shown at three key frequencies.
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Figure 5.10: Graphs of the relative BM velocity at three frequencies, 300, 2000 and 5000
Hz. The total response (red dashed dotted line) and the two components, the volumetric
(green solid line) and non-volumetric (black solid line) are shown in all three graphs.

The domination of the volumetric component at 300 Hz and the non-volumetric at 5000
Hz can clearly be seen in Fig. 5.10. However, at 2000 Hz, the volumetric and non-
volumetric components have a similar magnitude, but they are opposite in phase, as
shown in Fig 5.9. When combined, the resultant response is of smaller magnitude than
the two components. The geometry of the cochlea could have a potentially large effect
on the phases of the two components. Since a realistic geometry is not modelled here,

it cannot be definitely concluded that phase cancellation between the two components
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will occur in the real cochlea at the frequency predicted by the model. However, the
model does suggest that both the components need to be considered when examining
this method of excitation, as their relative phases can make significant difference to
the total response. It also predicts that at low frequencies the volumetric component

dominates, while at high frequencies the non-volumetric component dominates.

Weddell et al. (2014) found little difference in the cochlear response to local excitation
at the round window in guinea pigs whether the stapes were mobile or fixed with glue, as
shown in their Figure 9. The measurements were only taken at frequencies above 5 kHz
however, so the notch effect predicted here may still have occurred at a lower frequency
than measured. The geometry of the guinea pig cochlea and the human cochlea are also
rather different, as are the sizes of the windows and aqueducts, so it is not clear where

such a notch would occur in the guinea pig cochlea.

Round window excitation experiments were also carried out by Lupo et al. (2009), but
in this case on chinchillas. It was found that the cochlear microphone, compound action
potential and auditory brainstem thresholds due to excitation at the round window
all increased with the fixation of oval window. In this mammal it was found that the
difference in responses was greater at high frequencies than at low. This is in contrast
to the predictions of the model presented here, however, this is a comparison between
different mammalian cochlea, of difference sizes and frequency detection range, and so
it is not unsurprising that there are differences. The results in Lupo et al. (2009) do
however do show that when the stapes is fixed there is still a mechanisms that excites the
BM in a mammalian cochlear. This mechanism could either be due to non-volumetric
excitation of volumetric excitation through the ‘third window’, or a mixture of both.
It is not clear to what extend the transducer covered the round window and so non-
volumetric excitation could be a possibility. The difference in results from Weddell et al.
(2014) and Lupo et al. (2009) suggests that the effects of the ‘third window’ varying
from species to species which could be due to the details the size and impedance of the

aqueducts.

In Stieger et al. (2012) experiments were carried out on temporal bones to investigate
reverse direction excitation of the cochlea, ie through the round window. In order
to investigate the reverse direction excitation, intra-cochlear pressure, stapes velocity
and round window velocity measurements were taken. It was found that, unlike for
excitation at the stapes, the motion of the stapes was not a good estimation for the
BM excitation when the cochlea was excited via the round window. This suggests
that the excitation is not solely driven by the net volume displaced at the cochlear
windows, as with conventional excitation at the oval window. It was proposed that this
result is due to the ‘third window’ in the scala vestibuli having a functional role in the
cochlear response. The model presented here supports this theory at low frequencies,

where the excitation was found to be predominantly volumetric due to the flow the
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through vestibular aqueduct. In this model the oval window was assumed to be immobile,
however, in Stieger et al. (2012) the oval window was flexible, so the total volumetric
excitation would be a combination of the flow through the oval window and the vestibular
aqueduct. A further explanation to the results in Stieger et al. (2012) is that at high
frequencies the non-volumetric component will dominate the excitation and so the net
motion of the oval window is zero, and hence not proportional to the BM response.
The results from the Stieger et al. (2012) study, along with the results from the model
presented here strongly suggests that the ‘third window’, in particular the vestibular
aqueduct, has a significant effect at lower frequencies when the cochlea is excited at the
round window. This model further predicts that non-volumetric excitation may also be
a significant method of excitation when the excitation is at the round window, and it is

only partially occluded.

5.4 Effect of the Aqueducts on the Cochlear Response
due to Fluid Inertia Excitation with an Immobile Oval
Window

The effect of the aqueducts on the cochlear response when excited by the fluid inertia
component of BC hearing, and with the oval window assumed to be immobile, was
investigated and the results are presented in this section. This is the only method of
excitation for BC hearing when the oval window is immobile, since it is not possible to

excite the cochlear via the middle ear.
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Figure 5.11: Peak BM response, with an immobile oval window, when excited by the
fluid inertia component, when both aqueducts were modelled (solid blue line), with only
the vestibular aqueduct modelled (light blue dashed line), only the cochlear aqueduct
modelled (light blue solid line) and when no aqueducts were modelled (blue dashed line).
The response with a mobile oval window (solid dark blue line) is shown for comparison.

Fig. 5.11 shows the peak relative BM frequency response due to the fluid inertia exci-
tation, with the oval window immobile, with no aqueducts, with only one aqueduct and
when both aqueducts are included in the model. For comparison, the BM frequency
response when the oval window was flexible and with both aqueducts included is also
shown in Fig. 5.11, which was first presented in Fig. 5.3. It can be seen that when the
oval window is immobile, and when no aqueducts are included in the model, the BM
response due to fluid inertia is very much lower at all frequencies than when the oval
window is flexible. This is because there is only a fluid outlet on the scala tympani side
of the cochlea and no outlet on the scala vestibuli side. This means volumetric excita-
tion is not possible and only non-volumetric excitation can occur. When the cochlear
aqueduct is included, there is still no fluid outlet on the scala vestibuli side, so again,
only non-volumetric excitation can occur. This produces the low BM response seen in
Fig. 5.11 for this condition.

Inclusion of the vestibular aqueduct into the model, with the immobile oval window,
considerable increases the BM response over the whole frequency range shown. The

increase is more pronounced at low frequencies, while as the frequency increases the
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difference between BM responses, with and without the vestibular aqueduct, decreases.
This increase in response is due to there being a compliant structure on either side of
the BM for this condition, and so volumetric excitation can take place. It has been
shown in Chapter 4 that volumetric excitation is more efficient at exciting the BM than
non-volumetric and so an increase in response is seen. At low frequencies, below about
1 kHz, the BM responses with a flexible oval window and an immobile oval window are
similar when the vestibular aqueduct is modelled. However, at higher frequencies the BM
response with a flexible window is much greater. This is due to the relative admittances
of the oval window and vestibular aqueduct. At high frequencies, the oval window
admittance is greater than the vestibular aqueduct and so dominates the volumetric

response, as seen in Fig. 5.2a.

The BM response due to the fluid inertia excitation, when both aqueducts are incorpo-
rated into the model, was separated into the volumetric and non-volumetric components
in order to examine the types of excitation occurring. This was done in a similar way to
that described in section 5.3.2. Fig. 5.12 shows these components, along with the total

response and the sum of the two components for comparison.
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Figure 5.12: Peak relative BM response to the fluid inertia component, where the total
response (solid purple line) is separated into the volumetric (solid green line) and non
volumetric (solid black line) components. The sum of the two components (solid red
line) is also included to show that it is the same as the total response.

It can be seen that BM response is dominated by the volumetric excitation, but as the
frequency increases, the non-volumetric excitation component becomes more significant.
This explains why the introduction of the vestibular aqueduct increases the BM response,

by over 50 dB, at low frequencies. The inclusion of the vestibular aqueduct changes the
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dominant excitation mechanism from non-volumetric to volumetric and the difference

between these two types of excitation is largest at low frequencies.
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Figure 5.13: Individual total BM velocity (solid purple line) at 400 Hz and 4 kHz,
separated into the volumetric (solid green line) and non-volumetric (solid black line)
components. The sum of the two components (solid blue line) is also included to show
that it is the same as the total response.

To further investigate the types of excitation occurring, the individual BM responses
were determined at 400 and 4 kHz. The response due to both types of excitation and
the total response were calculated and are shown in Fig. 5.13. At 400 Hz, the volumetric
and total BM response are equal, showing that the volumetric component is dominant
and the non-volumetric component has little effect on the total BM response. At 4 kHz
the volumetric and non-volumetric components add together and so the total response is
greater than both individual responses. This model therefore predicts at this frequency

that the non-volumetric component significantly contributes to the total response.

The model thus predicts that the vestibular aqueduct has a significant effect on the BM
response, when a cochlea with an immobile oval window is excited by the fluid inertia
component of BC hearing. The inclusion of the vestibular aqueduct allows for volumetric
excitation to occur, even when the main compliant structure in the scala vestibule, the
oval window, is immobile. Without the vestibular aqueduct the BM response to the fluid

inertia pathway is very low, particularly at low frequencies. However, the inclusion of
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the vestibular aqueduct increases the response which, to some extent, can explain why
BC hearing is still possible when the cochlea is diseased with otosclerosis. This will be

examined further in the next section.

5.4.1 Carhart’s Notch

It is well documented that the stiffening of the oval window due to otosclerosis mostly
affects BC hearing threshold at around the 2 kHz region, where there is a dip in re-
sponse, which is termed Carharts notch. The change in BC hearing thresholds due to
the stiffening of the oval window has been predicted using the model in the previous
section. The difference between the combined peak BM response due to the inertial BC
components in a healthy cochlea and one with a stiff oval window was assumed to be a

measure of the change in BC thresholds due to otosclerosis.

The combined BM response due to the inertial components of BC was determined by
summing together the individual BM responses for each component, at each frequency,
along the length of the cochlea. The peak of this combined BM response was then calcu-
lated to predict the hearing frequency response due to BC hearing in a healthy cochlea.
The BC hearing response, in a cochlea diseased with otosclerosis, was assumed to be the
peak response of the model, with a stiff oval window and including the aqueducts, when
being excited by fluid inertia. The difference between these peaks responses were then
determined in order to predict the change in BC hearing thresholds and this is shown
in Fig. 5.14.

In reality, the magnitude of the hearing reduction due to otosclerosis is variable between
individual people and so two sets of clinical data are also shown for comparison; the
values calculated in Ginsberg et al. (1978), after the analysis of 2405 cases and those
from Carhart (1962), which were extracted from a graph in Stenfelt (2014).
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Figure 5.14: Comparison of predicted bone conduction hearing loss, due to stiffening
of the oval window, from the present model (solid black line) and from two sets of
clinical data for patients with otosclerosis; Ginsberg et al. (1978) (dotted line with X)
and Carhart (1962) (dashed dotted with O).

The present model predicts the greatest hearing loss at around 2 kHz, which is similar to
that in the data used in Ginsberg et al. (1978) and Carhart (1962), but the model predicts
the magnitude of the hearing loss is greater than found by both studies. This may
be due to other BC pathways, most likely the compression and expansion component,
significantly contributing to the total response, which are not included in this model.
Another reason could be due to the phase difference between the two inertial components.
The simplified geometry used in this model may mean that the phase difference between
the two components, and hence their sum, do not reflect reality. This means, at for
instance, at 2 kHz, the combination of the two inertial components could be less, and

hence the hearing loss reduced.

At low frequencies the model predicts a small hearing gain, while Ginsberg et al. (1978)
predicts a small hearing loss. The predicted hearing response is more similar to those
from Carhart (1962), however with a large spike in hearing level between the 100 and 500
Hz measurements. At low frequencies a small hearing loss, or over a narrow frequency
range, hearing gain, is predicted by the model. This results is due to the effect of the
vestibular aqueduct on the cochlea response when excited by the fluid inertia component
and the oval window is immobile. Without the vestibular aqueduct the BM response
due to the fluid inertia would be considerably lower at low frequencies, as shown in
Fig. 5.11. However, the vestibular aqueduct allows for volumetric excitation and so the
BM response is of a similar magnitude to that of the combined BC inertial response

in the healthy cochlea. This model therefore suggests that the ‘third window’ and in
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particular the vestibular aqueduct, is part of the explanation of why the BC threshold

is not considerably changed at low frequencies by the stiffening of the oval window.

5.5 The Effect of a Large Vestibule Aqueduct

It has been reported that some patients have a vestibular aqueduct that is larger than
the normal range, which has an effect on their hearing abilities, as discussed in Chapter
2. The effect of a large vestibular aqueduct, LVA, on the hearing response from multiple
hearing mechanisms is investigated using this model. A LVA is modelled here by an
increase in the radius of the vestibular aqueduct and then calculating the admittance
with a larger radius using Eq. 5.5. Instead of calculating the admittance based on
two connected cylinders, a single cylindrical tube of length 10 mm and radius 0.75 mm
was assumed. There is great variation in the sizes of large vestibular aqueducts, but
0.75 mm is a conservative estimate, based on findings reported in Gopen et al. (2011).
Fig. 5.15 shows the frequency response of the acoustic admittance of the modelled LVA,
together with the normal vestibular aqueduct and oval window admittances included for
comparison. It can be seen that the LVA admittance is greater than the oval window
admittance for a wide range of frequencies. The LVA admittance and the admittance of
the normal vestibular aqueduct are similar at low frequencies, but at frequencies above
about 700 Hz the LVA admittance is larger, with a large peak around 1.5 kHz, and

dominates the acoustic admittance of the oval window at high frequencies.
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Figure 5.15: A comparison of the variation with frequency of the large vestibular aque-
duct (solid green line) acoustic admittance, with a normal size vestibular aqueduct (green
dashed dotted line) and the oval window (solid red line).
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5.5.1 Effect of a Large Vestibular Aqueduct on Excitation via a Stapes
Piston-Like Motion

Fig. 5.16 shows the peak BM response due to the piston-like motion of the stapes, when
a LVA was modelled and for comparison, when a normal vestibular was modelled. The
model predicts that a LVA has a significant effect on reducing the BM response below
about 4 kHz. The peak BM response with the LVA modelled is 40 dB lower at around
200 Hz, and over 10 dB lower at 2 kHz. The effect of the LVA on the BM response
decreases with frequency, and has little effect at excitation frequencies greater than 5
kHz.
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Figure 5.16: A comparison of the peak BM response with a large vestibular aqueduct
(solid green line) and a normal vestibular aqueduct (dashed green line) when excited by
a piston-like motion of the stapes.

The reduction in the BM response is a result of the cochlea fluid being forced out of the
LVA by the pressure in the scala vestibuli. This decreases the overall volume velocity
which is driving the excitation via the stapes. This mechanism is illustrated well by
the pressure distribution shown in Fig. 5.17, where there is an opposite pressure at the
oval window and the LVA, indicating the fluid acceleration at these structures are in
opposite directions. The admittance of the LVA decreases with frequencies, increasing
the resistance to the fluid flow out of the LVA, and hence at higher frequencies the LVA

has a lesser effect.
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Figure 5.17: Pressure distribution, at 400 Hz, due to a piston-like motion at the stapes,
when a large vestibuli aqueduct is assumed.

5.5.2 Large Vestibular Aqueduct Effect on Excitation via Fluid Inertia

The effect of a LVA on the fluid inertia component of BC was examined in healthy
cochlea, i.e. with a flexible oval window. Fig. 5.18 shows the peak relative BM response
due to the fluid inertia component of BC, with a normal vestibular aqueduct and a LVA.
The enlargement of the vestibular aqueduct can be seen to significantly increase the BM
response due to the fluid inertia component at frequencies above 500 Hz. This finding
suggests that a LVA would decrease the BC threshold and so a person with a LVA would
be more sensitive to hearing via the fluid inertia component of BC. This is in agreement
with the findings in Merchant SN (2008); Govaerts et al. (1999); Gopen et al. (2011);
Mimura et al. (2005), where an air-bone gap at low frequency in patients with a LVA
was found. The results for this inertial BC components need to be treated with some

caution above 1 kHz, due to the assumption of a rigid head model, as discussed earlier.
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Figure 5.18: A comparison of the peak BM response, relative to the assumed vibration of
the temporal bone, with a large vestibular aqueduct (solid line) and a normal vestibular
aqueduct (dashed line) when excited via the fluid inertia component of BC.

5.5.3 Air-Bone Gap due to Large Vestibular Aqueduct

The difference between the AC and BC hearing thresholds is called an air-bone gap. As
discussed in Chapter 2, it has been reported that patients who have a LVA often have
an air-bone gap at low frequencies (Govaerts et al., 1999; Mimura et al., 2005; Merchant
et al., 2007a; Merchant SN, 2008; Gopen et al., 2011). The present model has been used
to predict the AC and BC hearing thresholds with a LVA modelled and the difference
between them was calculated to determine the air-bone gap. The peak BM response
when a normal vestibular aqueduct is modelled, is taken as the healthy hearing level for
each excitation mechanism. The difference between these peak responses and the peak
response when a LVA is modelled is the hearing thresholds predicted by the model due
to the presence of a LVA. Hence, for AC hearing, the change in hearing threshold with
a LVA is calculated as the difference between the two lines plotted in Fig. 5.16.

For BC hearing, the peak response is defined as the peak response due to the combination
of both the fluid inertia and middle ear inertia responses, as discussed in Section 5.4.1.
This peak response was found when both a normal and a LVA were modelled, which is
shown in Fig. 5.19. The effect of the LVA on the fluid inertia component has already
been shown in Fig. 5.18. The middle ear inertia ultimately excites the cochlea via a
piston-like motion of the stapes and so the BM response due to this BC component is
decreased due to the LVA by the same level at each frequency as is shown in Fig. 5.16.

The two inertial components of BC hearing, above about 500 Hz, are affected in opposite
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ways by an LVA| giving the combined inertial BC peak response which is shown in Fig.
5.19. Both the BC peak response with a LVA and with a normal aqueduct are shown,
and the difference between them is the predicted change in BC hearing threshold caused
by a LVA.
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Figure 5.19: Comparison of the peak BM response due to the combination of the two
inertial bone conduction pathways, with a normal and large vestibular aqueduct.

The air-bone gap due to a LVA is defined as the difference between the AC and BC
threshold with a LVA modelled. Fig. 5.20 shows the calculated AC and BC thresholds
with a LVA, as well as the air-bone gap. It can been seen that there is predicted to
be a significant air-bone gap at low frequencies, which is around 25 dB at 500 Hz, and
decreases with frequency, until it is only a few dB at 5 kHz. At frequencies below about
500 Hz the air-bone gap is dominated by the increase in the AC threshold due to the
LVA, as the BC threshold is fairly constant due to the balance between the increases
of the fluid inertia response and decreasing of the middle ear inertia response. As the
frequency increases the air-bone gap then falls as the AC and BC thresholds become

more comparable. From about 1 kHz the thresholds are within 5 dB of each other.
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Figure 5.20: Predicted air conduction (solid green line) and bone conduction (solid blue
line) hearing level when a large vestibular aqueduct is modelled. The air-bone gap,
which is the difference between the two thresholds, is shown (solid black line).

This model predicts that the air-bone gap seen in patients with a LVA is mainly due to
the increase in the AC threshold, which is caused by the pressure in the scala vestibuli
forcing flow out through the vestibular aqueduct, reducing the overall volumetric exci-
tation into that scala. There is a smaller change in BC thresholds due to a LVA, but
the air-bone gap seen is dominated by the effect of the LVA on the AC threshold.

In reality the audiograms of patients with LVA are often complicated due to other
hearing problems, and have been shown to change over time. There is a great variation
between different patient’s audiograms and it can therefore be difficult to determine
what component is due to the effect of a LVA. The AC and BC thresholds predicted
by the model have been compared against the audiograms of patients who have a LVA,
and are shown in Fig. 5.21. It can be seen that the results from the model correlate
well with the particular audiograms chosen from the Merchant et al. (2007a) study.
The comparison must be taken with some caution, however, as there is great variations
between patients. The change in BC thresholds, at low frequencies, is predicted by the
model with only the two inertial components of BC, without taking into account the

other pathways, which may lead to errors, particularly at higher frequencies.
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Figure 5.21: Comparison of the predicted AC and BC thresholds with those taken from
patients who exhibit a large vestibular aqueduct.

The air-bone gap, due to a LVA, was determined from AC and BC thresholds of two
cases report in Merchant et al. (2007a). The air-bone gap predicted by the model is
shown in Fig. 5.22, along with the average air-bone gap determine from all the cases
reported in Merchant et al. (2007a). For the two cases chosen, the model prediction the
low frequency air-bone gap well, which supports the conclusions drawn of how this gap

occurs.
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Figure 5.22: Comparison of the air-bone gap predicted by the model and those found in
patients report in Merchant et al. (2007a).

5.5.4 Large Vestibular Aqueduct Effect on Excitation via Local Exci-
tation at the Round Window

The inclusion of the vestibular aqueduct into the model was shown to have profound
effect on the BM response when stimulated by local excitation at the round window,
with a stiff oval window, see section 5.3.2. In this section, the effect of a LVA on the

BM response is examined, under these conditions.

Fig. 5.23 shows the peak BM response due to local round window excitation, when a
LVA was modelled, and also with a normal size aqueduct for comparison. It can be seen
that the overall BM response, at most frequencies, is increased by the enlargement of
the vestibular aqueduct. This is primarily due to the large increase in the volumetric
component of excitation compared with the normal sized vestibular aqueduct in Fig.

5.8, as expected.



Chapter 5 Effects of the ‘Third Window’ and an Immobile Oval Window on the

Cochlear Response 101
30 ‘ ‘
20 Total LVA

] 1| = = =Volumetric LVA
> 10 Non-Volumetric LVA
S Total Normal Aqueduct
o or\ i
>
g 10t
@
€ -20
()
= 30t
3
@ -40f 1
o
® —50f 1
()
a

_60 - 4

_70 L L L L

0 2000 4000 6000 8000 10000

Frequency, Hz

Figure 5.23: The total peak BM response, due to local excitation at the round window,
when a large vestibular aqueduct was modelled (orange solid line) and the oval window
immobile. The volumetric (red dashed line) and non-volumetric components (light or-
ange dot dashed line) components of the total response are shown. The total response
when a normal vestibular aqueduct was modelled is shown for comparison (purple solid
line).

It was found that the total response is dominated by the volumetric component over
a greater frequency range when a LVA is modelled. This is because of the increased
admittance of the LVA above about 500 Hz, and hence a greater fluid flow through the
aqueduct at higher frequencies, which increases the volumetric component. The notch
due to the cancellation of the volumetric and non-volumetric components thus moves up
in frequency, but is now less pronounced. The vestibular aqueduct is thus likely to have
a significant role to play in the processes of hearing via local excitation of the round

window, when the oval window is assumed to be immobile, especially at low frequencies.

5.6 Discussion and Conclusions

This chapter has examined the effect of the ‘third window’ on the cochlear response
due to multiple hearing mechanisms. The ‘third window’ was included in the model
by incorporation of the cochlear and vestibular aqueducts. It was found that in the
healthy cochlea, the inclusion of the aqueducts had little effect on the BM response at
most frequencies due to the excitation mechanisms investigated: piston-like motion of
the stapes, rocking of the stapes and fluid inertia component of BC hearing. Only at low
frequencies was there an effect when the stapes was rocked or when excited by the fluid

inertia component of BC. The increase at low frequencies on the fluid inertia component
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was significant because it then caused this component to dominate over the middle ear

inertia component at low frequencies.

Two other cochlear excitation mechanisms were then investigated, the fluid inertia and
local excitation at the round window, when the oval window was assumed to be immobile,
simulating otosclerosis. Without the aqueducts included, for both cochlear excitation
pathways, only non-volumetric excitation can occur. In this case, when excited at the
round window, it was shown that the near-field pressure drove the BM motion, in much
the same way as when the stapes was rocked. It was shown that the inclusion of the
aqueducts, and most importantly the vestibular aqueduct had a significant effect on the
BM response, especially at low frequencies. The inclusion of the vestibular aqueduct
allowed for volumetric excitation to occur, and hence increased the BM response due to
the more efficient way of exciting the cochlea. It was found that under the condition
of an immobile oval window, the vestibular aqueduct has a significant effect on the

underlying mechanisms of exciting the cochlea.

The model also predicted that when the cochlea with a immobile oval window was
excited at the round window, such that not all of it was occluded, then both the non-
volumetric and volumetric excitations occur, with the dominance of each type changing
with frequency. The volumetric component was shown to dominate at low frequencies
and the non-volumetric at high. It was found that the phase difference between the two
types of excitation was important, especially at mid frequencies, as it was predicted to
cause a dip in the response. In the model, the cochlea geometry is greatly simplified,
but the shape of the cochlea may have a significance effect on the phase response of the
two types of excitation. The next step in the investigation would be to use a 3D finite
element cochlear model, with a realistic geometry to examine this hearing mechanism,
as then the realistic phase difference could be determined. When a LVA was modelled,
an increase of the overall BM response was found. The frequency range at which the
two types of excitation were out of phase shifted upwards. This illustrates how that the
details of the vestibular aqueduct have an effect on the BM response. The differences
between the vestibular aqueduct between people could lead to its effect on the hearing
response being unique to each person. This may have interesting effects when modelling
this hearing mechanism on a 3D finite element model, as difference in the geometry of

the model may have varying effects on the total response.

The change in BC hearing threshold due to the stiffening of the oval window was pre-
dicted using the model and compared against clinical measurements of Carharts notch.
It was shown they had a similar trend, with a notch around 2 kHz. Although there is
large variation in the individual audiograms of patients with an immobile oval window,
at low frequencies the model was shown to predict the BC threshold hearing threshold
reasonably well. The ‘notch’ in the BC hearing threshold was found at a realistic fre-

quency, though the magnitude of it was somewhat larger than that seen in some clinical
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measurements. This could be due to a number of reasons, such as other BC pathways
having a significant effect on the overall response, the geometry of the cochlea influ-
encing the response or the skull not vibrating as a rigid body, as assumed. However,
the model does suggest that Carharts notch could be explained by just the two inertial
components of BC hearing, where the notch is due to the loss of the middle ear inertia

component.

An investigation was also carried out on the effect of a large vestibular aqueduct, LVA, on
the BM response when excited by both AC and BC. It was found that the response to the
fluid inertia component mostly increased with a LVA, though there was a small decrease
in response predicted below 500 Hz. In contrast, when the cochlea was excited via a
piston-like motion at the stapes, either through AC or the middle ear inertia, the BM
response was found to be greatly decreased by a LVA. This was found to be due to the
pressure in the scala vestibuli forcing fluid out of the vestibular aqueduct, decreasing the
overall net volume of fluid into the scala vestibuli. The AC and BC hearing thresholds
were predicted using the model and found to be similar to audiograms of patients with
a LVA shown in Merchant et al. (2007a). The change in BC thresholds with a LVA
is due to a combination of effects on the fluid inertia and middle ear inertia response,
which for most frequencies oppose each other. The realistic prediction of the change
in BC thresholds due to an LVA is further evidence that at low frequencies the inertial

components of BC dominate the total BC response.

The air-bone gap at low frequencies predicted by the model was shown to be comparable
to two sets of clinical results. Often, a LVA does not exist on its own, but other malfor-
mations occur in ears with a LVA and thus the audiograms can be very variable between
patients. However, the predicted hearing thresholds of the model is within range of real-
istic audiograms. The cause of such a gap at low frequencies was shown to be mostly due
to the decrease in hearing response due to AC hearing, not an increase in BC hearing.
The gap predicted was however somewhat smaller than the average found in Merchant
et al. (2007a). The effect on the hearing response due to a LVA is dependant on many
factors. It would be possible to change the assumed size of the large vestibular aqueduct
to produce a different air-bone gap that would correlate better with the average result
found in Merchant et al. (2007a). This, however, does not seem worthwhile since the
cochlea and vestibular aqueduct have been simplified in the modelling to such as extent
it would not provide any more insight. What the model does show is the underlying
mechanisms which cause an air-bone gap when a LVA is present and that it is mostly

caused by the increase in the AC thresholds.

A LVA has similar clinical affect as a semi circular canal dehiscence. It has been sug-
gested by the simple model in Rosowski et al. (2004) that the compressional component
of BC hearing is reduced by a semi circular canal dehiscence. There are similarities

between this condition and a LVA, in that they both produce a decrease in admittance
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in the scala vestibuli side of the cochlea. It has been shown that the size and shape
of a dehiscence has a large effect on the cochlear response (Kim et al., 2013) as is the
case with a LVA. The AC hearing thresholds predicted by Rosowski et al. (2004) due
to a semi circular canal dehiscence are similar to those predicted here due to a LVA,
however, the corner frequency discussed in Rosowski et al. (2004) was not found to be
as pronounced as the model. The similarity between the two results is reasonable as
both models greatly simplify the geometry of the cochlea. A more geometrically realis-
tic cochlear model would be a potentially effective tool to investigate in more detail the

effect of these conditions.



Chapter 6

Conclusions and Future Work

6.1 The Model

The human cochlea is a very small, complex organ that is intrinsic in the process of us
perceiving the sound environment around us: it is to hearing, what the eye is to sight.
We, as humans, rely heavily on our ability to hear in order to communicate, perceive
danger as well as to experience the more enjoyable things in life. It is therefore important
to understand the workings of the cochlea in order to improve medical treatments for
hearing impairments. Also, there is a drive to study the cochlea from a purely scientific
interest, in order to gain a great understanding of how humans function and perceive

the world around us.

Due to the location and the delicacy of the cochlea, as well as ethical considerations,
experimental studies have limitations, particularly in humans. Mathematical models,
however, do not have these same limitations and so can provide a useful tool for under-
standing of the physics of the cochlear function. There have been many approaches to
modelling the cochlea, all with varying simplification and assumptions, from 1D models,
to 2D box models, to 3D geometrically realistic finite element models. Different forms
of models have been found to be necessary to explain different hearing phenomenon.
A long-term aim would be to have a consensus between the predictions of the cochlea
response, from a set of models of varying complexity and dimension to fully understand
the cochlea mechanisms. For robustness and reliability, a variety of predictions from
the models would need to be comparable to experimental and clinical results on real

cochleae.

This thesis has been concerned with using a 2D mathematical model of the cochlea
to further understand its workings. A 2D model is the simplest model to be able to
represent the effects of near field pressures close to the vibrating parts of the cochlea.

The geometry of the cochlea was simplified to a rectangular box shape and the structures
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modelled included the basilar membrane and oval and round window. The models ability
to be easily manipulated was utilised by further extending it to incorporate the cochlear
and vestibular aqueducts, which are two of many structures collectively known as the
‘third window’. The model was solved using a finite difference method, which has been
outlined in Chapter 3. A benefit of this model is that it can be readily replicated,
since it does not rely on a specific commercial solver. The model is also versatile, such
that multiple excitation mechanisms were able to be investigated using this same model

allowing for a comparison to be made within one framework.

It is important to compare the output of a model against relevant experimental data
in order to ensure realistic predictions, and to understand the limitation of the model.
Throughout this thesis the predictions of the cochlear model, as well as the lumped
parameter model of the middle ear ossicles, were compared against experimental and
clinical data, where possible. The confidence in the predictions of the model increases as
more comparisons are made with varying experimental data. It is not always possible to
compare predicted results, either due to the lack of real data or because it is impossible
to carry out such experiments. In Chapter 4 the BM response due to a piston-like
motion of the stapes was compared against data from temporal bones experiments and
found to be similar. In Chapter 3, the predicted motion of the lumped parameter
model of the middle ear, due to vibration of the temporal bone, was compared against
measurements from real middle ears ossicles and found to be similar. The change in
hearing thresholds, due to the stiffening of the oval window and a LVA, predicted by
the model were compared against clinical data of the hearing thresholds of patients with

conditions that cause these malformations in Chapter 5.

A comparison of results from the model were also made with a geometrically similar
model, from Edom et al. (2013), which was solved using a different method and assuming
different parameters. The parameters of the model were altered somewhat in order for
a better comparison and it was found that both models predicted a similar trend for
excitation via the rocking of the stapes. However, the results were not identical, which
highlights the need for many different approaches in order to reach a full understanding
of the cochlea. It is also important to understand that the choice of parameters used
influences the output of the model. The comparisons with experimental and clinical
data, as well as those from other models, suggests that this model is fairly robust.
Perhaps the greatest limitation of the model is its simplification of the cochlear geometry,
particularity in the hook region, although some care was taken with the placement of

the windows for this to be somewhat representative.
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6.2 The Model Predictions

This model was solved for the 2D pressure distribution in the cochlea. The total pressure
field was separated into its components and the way that they differ with the type of
excitation was investigated. In all cases there is a mean-pressure created by the fast wave
propagation. As there is no interaction between this wave and the BM it was subtracted
from the total pressure for the purpose of this study. The resultant pressure distribution
is made up of the plane wave and near-field pressure distributions. The plane wave
pressure distribution is vertically uniform within each scala at any one point and couples
to the BM along the length of the cochlea. The near-field pressure is generated close to
the vibrating structures in the cochlea, either the BM or cochlear windows in this study.
It decays at a greater rate than that of the plane-wave pressure components, and so is
only present locally. The relative dominance between these two pressure components
was shown to differ, based on whether the cochlea is excited due to a volumetric or
non-volumetric excitation mechanism. Volumetric excitation mainly couples into the
plane wave pressure distribution. However, for non-volumetric excitation, it is the near
field pressure distribution at the stimulated cochlear windows that drives the BM into
motion. This study also showed that however the cochlea was excited a travelling wave of
similar profile is produced further along the BM. The model used in this thesis predicted
that non-volumetric excitation mechanisms, such as the rocking of the stapes, were less
efficient at inducing a travelling wave along the BM than the volumetric excitation
mechanisms, for a given input velocity. Hence, the plane wave pressure distribution is
a superior driver of the BM motion than the near-field pressure field at the cochlear
window due to the non-volumetric excitation. In the healthy cochlea it was shown that
the non-volumetric excitation was unlikely to have an effect on the total BM response
(though this would have to be further investigated at high frequencies). However, under
certain conditions, where there were malformations to the cochlea, it was shown that

this excitation mechanism could become significant at high frequencies.

The model was also used to investigate the effect that the ‘third window’, in this case the
vestibular and cochlear aqueducts, has on the BM response due to different excitation
mechanisms, and also with a immobile oval window. This was the first time such an
investigation has been carried out with the 2D cochlea model. The model predicted that
the vestibular aqueduct acted as a fluid outlet when the oval window was immobile. This
allowed volumetric excitation to occur, and due to the greater efficiency of driving the
BM, an increase in BM response was seen. This BM increase was seen to be frequency
dependant, with a greater effect predicted at lower frequencies. Under this conditions
the volumetric excitation component was shown to dominate at low frequencies, but,
at high frequencies the non-volumetric excitation component became significant. In
particular, when excited locally at the round window, there was predicted to be clear

transition between volumetric and non-volumetric excitation dominance.
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Patients with a large vestibular aqueduct are found to have a large air-bone gap in their
audiograms. The cause of this gap is under debate, and there are multiple theories in
the literature. The effect of a LVA on the hearing threshold was investigated using this
model, and is discussed in Chapter 5. It was predicted that the dominate factor was the
increase of the AC hearing threshold due to the fluid being pushed out of the vestibular
aqueduct. This reduces the volumetric excitation, and hence causes a reduction in the

BM response.

The 2D model has shown to be sufficient to show the physics behind a number of
excitation mechanisms, yet simple enough for the results to be efficiently processed and

visualised.

6.3 Comparison with 3D Finite Element Model

An attempt was made to carry out similar investigations as that on the 2D model on a 3D
finite element model, with a realistic geometry, in order to compare results. Access was
arranged to the 3D coiled model developed by Kim et al. (2014) but, due to software
problems it was difficult for this to proceed. This model was built and run on two
separate commercial finite element software packages. Access to the software in which
the model was built was arranged, but unfortunately, the commercial software in which
the model was originally solved did not run under the universities licences. It was also
found that the model was not able to run on a different, but similar, software package
available on the university licences due to the differences in the definitions of material

properties between the two software packages.

It became clear that although there are multiple similar 3D finite element packages, they
are not all compatible with each other. They vary in their definitions of parameters which
cannot be altered and sometimes it is difficult to determine how they are defined and
what calculations are being carried out. This highlights the value of simpler models that
can be easily interpreted and the need for a collection of models, of varying complexity

and dimensions, which are in agreement with each other and the clinical data.

6.4 Future work

This model could easily be further developed to include an active BM, such as that
in Neely and Kim (1986). This would not change the underlying processes behind the
excitation of the BM, but could be used, for example, to examine the amplification of

low level excitation via non-volumetric pathways.

It would also be interesting to modify the geometry of the 2D model to represent that

assumed in the lumped parameter representation of Stenfelt (2014), which would allow a
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direct comparison of the results of these two cochlear models. The 2D box model could
also be adapted to allow the two outer walls to move out of phase, to represent compres-
sion, instead of in phase, to represent the effect of the fluid inertia, as in section 3.5.4.
The lumped parameter model is not able to reproduce near-field pressure excitation of
the BM, but a comparison of the predictions of the two models for different types of BC

excitation may help illustrate the strengths and weaknesses of the two approaches.

The greatest simplification in this model is that of the geometry of the cochlea. It is
clear that the effect of the complex cochlea geometry on the BM response would be a
valuable extension to this work. The area near to the cochlear windows, the hook region,
is particularly complex, as there is a bulge and the termination of the BM. The effect of
the geometry in this region this area on BC hearing has already been investigated in Kim
et al. (2014) using a 3D finite element model, where the excitation is mostly volumetric.
It is clear from the 2D model reported in this thesis that the near-field pressure created
at the windows can drive the BM into motion, and so the distribution of the pressure
in this area is important. The 2D model predicts a very similar response when the oval
window rocked or the round window excited locally. The detailed geometry of the hook
region may have a significant effect on the near-field pressure distribution and therefore
it would be interesting to investigate it effects on a more geometrical realistic cochlear

model.

This model has predicted a clear transition between the dominance of a volumetric and
non-volumetric excitation, when locally excited at the round window with an immobile
oval window. It was shown that the characteristic of this transition changed with the
enlargement of the vestibular aqueduct. This indicates that this phenomena is sensitive
to the modelling of the of the aqueduct, and so again an investigation on a geometrically
realistic cochlear model, which includes a vestibular aqueduct, could be of value. It is
conceivable that not only is the cochlear response sensitive to the admittance of the
aqueduct but also its location. There are great variations between individual aqueducts
and so it could be of interest to explore if these differences have a significant effect on

the total cochlear response.

Experiments have been carried out on guinea pigs to investigate the local excitation at
the round window (Weddell et al., 2014). The guinea pig cochlea has a different geometry
and frequency range to that of the human and so the effects of the ‘third window’ are
likely to be different from that in the human. It would be possible to modify the model
presented in this thesis to represent the guinea pig cochlea, in order to get a better
comparison with this experimental data, although this was not attempted here due to

the constraints of time.






Appendix A

A.1 Finite Difference Models for Simplified Geometries

Finite different models of simplified geometries, of increasing complexity, were built to
validate the 2D finite difference cochlear model. The simplest of these was simply a
box of fluid vibrated in the z-direction. A mass was then placed in the centre of the
box and the its density varied. The model was further developed by attaching a spring
and damper to the mass creating a BM element in the centre of a fluid filled box. A
compressible fluid is not necessary to be modelled in the cochlear model since it has
complaint windows and hence the volume of the fluid can remain constant, although
modelling it makes little difference to the results. However, in these simple models there
are no complainant windows and hence the fluid has to be modelled as compressible.

The Laplace equation is,

i i w)?
sable )+ gp(e )+ (£ i) =0 (A1)

o

for an incompressible fluid, which has been already presented in Chapter 3, Eq. 3.6.

A.1.1 Simple Fluid Filled Box

A fluid filled box was vibrated in the z-direction by applying an acceleration at the
horizontal walls, Fig.A.la. The fluid pressure was solved for using a finite difference
method. There are no complaint structures in this fluid filled box and so there can be
no relative fluid flow. This means that all the fluid will move with the same velocity,
which is the velocity of the horizontal walls. This constant velocity throughout translates
into a vertical fluid pressure gradient with the greatest magnitude at the horizontal walls,
however with opposite signs, and zero pressure in the middle. This is what was found

when solving this simple model, Fig.A.1b.
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I I Pressure Distribution in Simple Fluid Filled Box x10°
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Figure A.1: Diagram of simple fluid filled box showing the vibration direction (a) and
the pressure distribution formed when vibrated vertically (b)

Using a finite difference method to solve for the pressure distribution in this simplest
model gives a realistic result. This gives confidence to continue with more complicated

models in order to validate this method for solving the cochlear model.

A.1.2 Fluid Filled Box with Mass

The next step was to place a mass in the centre of the box and, again, apply an acceler-
ation to the horizontal walls, Fig.A.2a. The density of the mass was then changed to be,
greater, equal and less than the density of the surrounding fluid. The relative motion of
the mass was determined for all of these cases. This is a hypothetical model, since, if a
mass was placed in the centre of the box it would either sink or float depending on its

density.
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Figure A.2: Diagram of simple hypothetical fluid filled box with mass placed inside (a)
and graph showing the relatioship between the relative velocity of the mass and the
density of the mass (b).

The relative velocity of the mass, v,,, to the velocity of the horizontal walls, vy, vqe =
Um — Uy, Was plotted against the density of the mass, Fig.A.2b. The density of the
surrounding fluid was kept the same, 1000 kgm 3. It can be seen that when the density
of the mass is the same as the fluid the relative velocity is zero, and hence the mass
moves with the surrounding fluid. This is as expected, because from an inertial point of
view there is no difference between the mass and fluid. As the mass density increased
the mass becomes heavier and more force is needed to move it. Hence, it is expected that
as the mass increases its absolute velocity will decrease. This model predicts this will
happen. As the density of the mass becomes greater than the fluid density, the velocity
of the mass becomes less than the wall velocity and so the relative velocity becomes
negative. Similarly, as the mass decreases due to the decrease in density the motion of

the mass is of greater amplitude than the fluid and therefore relative velocity increases.

A.1.3 Fluid Filled Box with Mass on a Spring

The complexity of the model was increased by adding a spring and damper to the mass,
creating a BM element, that is used in the cochlear model, in the centre of a fluid filled
box, Fig.A.3.
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Figure A.3: Diagram of simple fluid filled box with a mass a spring within.

In the real cochlea the density of the BM and the fluid are very similar. This means
that the interaction between the fluid pressure and the BM motion is expected to be
strong. To determine if the BM element behaves as expected to vibrations of the walls,
without the effect of the fluid, a model was built that assumed that the fluid was air and
density of the BM mass as steel. It would be expected that the results from this model
would represent that of a mass on a spring with no interaction between the fluid and
the system. The results of this model were compared to the response of a simple mass,
spring, damper system with the same values, excited at the base. The stiffness per unit
area of the spring was equal to 3 x 10° Nm ™3, the resistance 2.5 x 10* Nm™3s, and the

mass per unit area equal to pgee;Az. This gives a natural frequency of 1446 Hz.
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Ratio of Basilar Membrane Element to Excitaion Velocity Frequency Response of Mass, Spring and Damper System with no Fluid
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Figure A.4: Response of mass in fluid filled box when the density of the mass was that
of steel and the fluid of air (a). Frequency response of a similar mass, spring and damper
not surrounded by fluid but excited at the base, (b). Variation of admittance of mass,
spring, damper system with frequency, (c).

Comparing the Fig.A.4a and Fig.A.4b it can be seen that the response of the BM element
and that of a similar mass, spring damper system, excited at the base, are the same.
The peak of the response is at the same frequency as peak of the admittance, Fig.A.4c.
So, when the density of the fluid is small compared to the density of the BM element
the fluid does not affect the motion of the BM.

The next step was to investigate what the effect was of a fluid with a similar density
as the mass has on the BM element motion. A simple model was built, with a mass of
BM equal to 0.3 kgm ™2, the stiffness 3 x 10° Nm ™3 and resistance 2.5 x 10> Nm3s.
The density of the fluid was then altered and the frequency response of the BM element
found. It was found that increasing the density, decreased magnitude of the maximum

response and the frequency of the peak response, Fig.A.5
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x 10° Velocity of Mass Against Frequency as Density of Fluid Varies
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Figure A.5: Velocity of constant mass against frequency as fluid density is varied. Each
peak is labelled with corresponding fluid density.

If the fluid was not interacting with the BM element the density of the fluid would have
no effect of the frequency of the peak response. It is clear, Fig.A.5, that this is not the
case and hence there is an interaction between the fluid and the mass. It is expected
that this interaction causes the effective mass of the BM element to increase and hence
there being an ‘added’ mass, m ;4. This would mean that the resonant frequency of

the BM element would equal,

wn = | —BM_ (A.2)

Mo + M fluid

This can be rearrange to give,

1 Mo + M fluid
_ A3
Tt (A.3)

The magnitude of this added mass for different fluid densities and size of elements was
investigated. The mass inside the box was kept constant and the density of the fluid
changed. The inverse of the squared angular frequency of the peak response of the BM
element was found and plotted against the fluid density, Fig.A.6. This was repeated for

a finer and a coarser element grid with the same size of fluid box and hence a smaller

and larger element size.
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Figure A.6: Inverse of the squared angular frequency at which the peak response occurs
against fluid density for various elements size when the box size is constant.

Mo

The intercept in Fig.A.6 is at 1 x 10~ which is equal to e This is showing that

when the fluid density is zero and the added mass must also be zero, which agrees with
reason. The values of m, and kp,s are kept constant and hence as the fluid density
increases the value of the added mass increases too. The gradient of the plots in Fig.A.6

. m P
are proportional to L

and hence the volume of acting as a load on the BM element.
As the size of elements the model is separated into increases, so does the gradient of the
plot. This is showing that the element size affects the volume of fluid loading the BM
element. The detail of this is not necessary to understand here, however, the important
conclusion when related this to the cochlear model is that size of the model elements
does alter the added mass term. This means the added mass term has to be calculated

for a given cochlear model.
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